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ABSTRACT 
Van den Bijgaart, H.J.CM. (1988). "Syneresis of rennet-induced 
milk gels as influenced by cheesemaking parameters". Ph.D. 
Thesis, Laboratory of Dairying and Food Physics, Department of 
Food Science, Wageningen Agricultural University (141 pp, 
English and Dutch summaries). 
key-words: syneresis, rennet-induced milk gels, endogenous 
syneresis pressure, permeability, mechanical pressure, cheese-
making parameters. 
The syneresis behaviour of rennet-induced skimmilk gels was 
studied at closely controlled conditions. The origin of the 
endogenous syneresis pressure and changes therein and in the 
permeability of the gel during syneresis are discussed. The 
latter appears to be of predominant importance for the one-
dimensional shrinkage rate under quiescent conditions. The 
influence of cheesemaking parameters such as milk pretreatment, 
rennet concentration, acidification procedure and pH, addition 
of CaCl2, addition of NaCl, and temperature on the permeability 
and the initial endogenous syneresis pressure were separately 
determined. The syneresis behaviour is clearly related to the 
size and the reactivity of the aggregated paracasein micelles 
and to the changes in the microstructure and the rheological 
properties during gelation. 
A method for the accurate determination of the important effect 
of mechanical pressure is outlined, indicating a square root 
proportionality of the shrinkage with time after load appli-
cation for the one-dimensional case. Based on existing theories 
for the compression of porous media, the results obtained were 
related to some structural characteristics of the protein 
matrix. 
Available information was used to consider some aspects relevant 
to practical cheesemaking. Attention was paid to hydrodynamic 
effects during cutting and stirring, shrinkage of spherical 
particles, syneresis with changing pH as well as to syneresis of 
gels from preconcentrated milk. 
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STELLINGEN 
De synerese van met leb gevormde melkgelen wordt mede 
bepaald door de reologische eigenschappen van het caseïne-
netwerk. 
Dit proefschrift. 
2. De doorstroombaarheid van met leb gevormde melkgelen tijdens 
synereren wordt onderschat indien daartoe de resultaten van 
experimenten met gelen uit voorgeconcentreerde melk worden 
gehanteerd. 
Dit proefschrift. 
Gelet op de experimentele omstandigheden bij de proeven van 
Marshall moet de door hem gevonden snellere synerese indien 
het gel werd gesneden op een later tijdstip na stremsel-
toevoeging, worden toegeschreven aan betere mogelijkheden 
voor uitstroming van vloeistof dan aan een hogere endogene 
syneresedruk. 
Marshall. R.J. (1982). J. Dairy Res. 49. 329-336. 
4. Bij onderzoek naar de effecten van een temperatuur-
verandering op de fysisch-chemische eigenschappen van 
caseïnemicellen dient rekening gehouden te worden met een 
vertraagde aanpassing van de zwellingsstoestand. 
5. Melk bevat nog niet-geïdentificeerde componenten die een 
stimulerende invloed hebben op de vlokaktiviteit van 
verdund kalfsstremsel en die bovendien de inaktivering bij 
invriezen tegengaan. 
6. De geringe specificiteit van de door Castaneda et al. 
beschreven methode voor het aantonen van droge stof uit 
kaaswei in melkpoeder, door middel van bepaling van een 
vriespunt, beperkt de bruikbaarheid ervan. 
Castaneda, R.. Fernandez, G.. Caló. M. & Pasqualini, A. (1987). Neth. Milk 
Dairy J. 41. 69-79. 
7. De intensiteit van de zure-smaakgewaarwording van oplos-
singen van verschillende voedingszuren correleert beter met 
de molariteit dan met de gewichtsconcentratie. 
8. In beschouwingen over de rentabiliteit van het eventuele 
gebruik van boviene somatotropins in de melkveehouderij 
krijgen de mogelijke consequenties voor de afzet van melk en 
zuivelprodukten te weinig aandacht. 
De uitvaardiging van normen voor "warmtebehandelde" melk, 
zoals vastgelegd in EG richtlijn 85/397, dient geen enkel 
wezenlijk doel; een verantwoorde toepassing is bovendien 
niet goed mogelijk zolang de bijbehorende onderzoeksmethoden 
niet zijn vastgesteld. 
10. Het gebruik van een beeldscherm betekent lang niet altijd 
een verruiming van het blikveld. 
H.J.C.M, van den Bijgaart 
Syneresis of rennet-induced milk gels 
as influenced by cheesemaking parameters. 
Wageningen, 21 september 1988. 
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1 INTRODUCTION 
1.1 General 
Cheese is one of the main dairy products. During cheesemaking 
the larger part of the nutritious components of milk is concen-
trated. The composition and properties of the final cheese are 
determined by the characteristics of the raw material and the 
processing conditions. This has resulted into a wide variety of 
types. 
Optimization of the cheesemaking process implies control over 
the processing steps: milk treatment, gel formation, dehydration 
and possible ripening. Although qualitatively the effects of 
variations (such as milk pretreatment, rennet concentration, pH, 
temperature) on the processing steps are known, little effort 
has been spent in relating this to the changes of the building 
blocks and the structure at the microlevel. However, todays 
automation of the production requires a better understanding of 
the underlying principles. 
In the past years our knowledge about the renneting of milk 
and the influence of cheesemaking parameters has considerably 
increased (recently reviewed by Dalgleish, 1987). Basic infor-
mation about the subsequent gelation and syneresis is rather 
scarce. Van Dijk (1982) performed experiments under closely 
controlled conditions and successfully related the syneresis 
behaviour to the microstructure of the gel. It was felt worth-
while to extend on his work and to study the influence of 
cheesemaking parameters on syneresis in more detail. 
This study particularly concerns rennet-type gels, in which 
coagulation of the milk is induced by rennet enzymes. However, 
the outlined physical principles also apply to the other major 
group of acid-type gels. 
1.2 Rennet-induced coagulation of milk 
The casein fraction of milk, which constitutes about 80 % of 
total milk protein, is the main component of interest for the 
changes in the physical state of milk during the cheesemaking 
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process. One can divide between four main characteristic groups 
of caseins: otsl-, CLB2-, ß- and K-casein. In each group several 
genetic variants can be distinguished. Also differences in the 
molecular residues attached to amino acid side groups exist 
(Swaisgood, 1982; Walstra & Jenness, 1984). 
Under normal conditions (uncooled milk, pH = 6.7) almost all 
casein appears in aggregates of colloidal size with a diameter 
between 20 and 300 nm, the casein micelles. These aggregates 
also contain some 8 g of inorganic matter per 100 g casein, 
consisting of colloidal calcium phosphate (CCP) and counter 
ions, which includes some Mg, Na, K and citrate. The CCP is 
essential in keeping the integrity of the micelles (Schmidt, 
1982). For our purpose the casein micelle is thought to consist 
of small subunits, the submicelles, which contain the casein 
molecules. These are mainly kept together by hydrophobic bonds 
and salt linkages (Walstra & Jenness, 1984). Casein micelles are 
voluminous particles. They hold a considerable amount of water, 
« 3 g/g casein (Walstra, 1979). Without going into any detail 
about the possible structure of the casein micelle (see for 
instance Schmidt, 1982), the highly idealized picture in Figure 
1.1 can serve for this study. As outlined, several equilibria 
with serum components exist, indicating the dynamic character of 
casein micelles. The location of submicelles with a high amount 
of K -casein on the outside of the micelle is of main interest 
(Waugh, 1971; McGann et al., 1980; Schmidt, 1982). A consider-
able amount of evidence has been presented for its role in the 
stabilization of the micelles under natural conditions. The pro-
^ ^ 
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Fig. 1.1. Model of a casein micelle, consisting of spherical submicelles, kept 
together by small patches of colloidal calcium phospate, and showing protruding chains 
of the caseino-macropeptide part of K-casein. Some equilibria with building blocks in 
the serum are schematically depicted (From: P. Walstra & T. van Vliet, 1986). 
truding hydrophilic ic-casein macropeptide moiety (CMP), which is 
subject to Brownian motion, imparts steric and electrostatic 
repulsion between closely approaching micelles (Holt, 1975; 
Walstra, 1979; Walstra et al., 1981; Home, 1984; Home, 1986; 
van Hooydonk & Walstra, 1987). 
The renneting of milk is clearly the result of two processes, 
the attack on K-casein by proteolytic enzymes (mainly chymosin), 
and the flocculation of the destabilized micelles. During the 
first reaction the CMP is split off by the specific attack of 
rennet enzymes on the Phej
 0 5-Metj 0 6 bond (Jolies et al., 1968). 
In milk this reaction is essentially first order, since the 
diffusivity of the micelles is negligible compared to that of 
the enzyme molecules (van Hooydonk et al., 1984; van Hooydonk & 
Walstra, 1987). Before a particle becomes subject to floccu-
lation, a considerable amount of the surface charge and steric 
repulsion is lost (Green & Crutchfield, 1971; Pearce, 1976; 
Darling & Dickson, 1979; Walstra & al., 1981; Dalgleish, 1984; 
Holt & Dalgleish, 1986). Only after about 70 - 90 % of the K-
casein on a micelle has been split, flocculation can occur when 
two particles meet each other (Dalgleish, 1979; Chaplin & Green, 
1980; van Hooydonk et al., 1986b). From that moment the aggre-
gatibility increases fairly rapidly with the extent of proteo-
lysis (Darling & van Hooydonk, 1979; Dalgleish, 1980; van 
Hooydonk et al-, 1986b; Dalgleish, 1987). The aggregation can be 
described with Smoluchovski kinetics, but in milk the reaction 
proceeds much slower than in the diffusion-controlled limit (van 
Hooydonk & Walstra, 1987). The cause for the aggregation is not 
fully understood. Besides van der Waals attraction, specific 
ion-pair formation and hydrophobic effects have been held 
responsible (Dalgleish, 1987). The influence of variation in 
experimental conditions on the separate reactions has been sum-
marized by Walstra & van Vliet (1986) and van Hooydonk & van den 
Berg (1987). 
As a result of ongoing flocculation conglomerates and thread-
like structure are formed, as schematically outlined in Figure 
1.2 (Mulder et al., 1966; Henstra & Schmidt, 1970; Green et 
al., 1978). When flocculation proceeds undisturbed (no stir-
ring), a continuous network is formed. Electron microscopy 
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Fig. 1.2. Schematic representation of the changes from stable casein micelles to 
aggregated paracasein micelles during the renneting of milk. 
reveals an inhomogeneous structure, which is made up of strands 
of micelles and thicker nodes, leaving openings up to 10 urn in 
diameter (Knoop & Peters, 1975; Green et al., 1978; Glaser et 
al., 1980). Generally, fat globules are trapped in the pores and 
thus act as a non-reactive filler. 
After flocculation and gel formation the contact area or 
junction between neighbouring particles changes from 'touching' 
to 'fusion', as depicted in Figure 1.3. Initially, one or only a 
few bonds per junction exist. Afterwards, the particles become 
attached at more sites. This results in thickening and more or 
less smoothing of strands. Long-term rearrangement processes in 
the strands (Knoop & Peters, 1975; Green et al., 1978) ultimate-
ly prevent the differentiation of bonds between micelles to 
those within micelles. During this process the contribution of 
the various types of bonds may change (Walstra & van Vliet, 
1986). 
Macroscopically, during several hours after rennet addition 
an increase of the dynamic moduli is found in rheological 
measurements (van Dijk, 1982; Tokita et al., 1983; Bohlin, 1984; 
Dejmek, 1987). These moduli depend on the number, the strength 
and the relaxation behaviour of the bonds (Zoon et al., 1988 ). 
Fig. 1.3. Schematic picture of the change in conformation of flocculated paracasein 
micelles during ageing of a rennet-induced milk gel (From: P. Walstra & T. van Vliet, 
1986). 
1.3 Syneresis of rennet-induced milk gels 
Rennet-induced milk gels may show syneresis, i.e. the expul-
sion of whey. This can result from an endogenous tendency to 
contract or be due to external forces exhibited on the gel. In 
both cases pressure is exerted on the liquid in the pores. This 
pressure, and the resistance against flow through the matrix, 
that can be expressed as a permeability coefficient, determine 
the local change in the voluminosity with time, i.e. the shrink-
age. This was modelled, based on the equation of Darcy (van 
Dijk, 1982; van Dijk et al., 1984). Walstra et al. (1985) argued 
that the rearrangement in the network of paracasein particles 
must be the main driving force for syneresis to occur under 
quiescent conditions. This rearrangement can occur because 
paracasein micelles probably are reactive over their entire 
surface. In the initial stages after gel formation rearrangement 
may be promoted by non-aggregated particles, which attach to the 
existing network. There they become an extended target point for 
dangling or moving strands. In later stages, breaking of some of 
the strands will be needed for extensive rearrangement to occur. 
If a gel is constrained, the rearranging tendency results in the 
formation of dense regions and less dense regions elsewhere. 
This has been designated microsyneresis (van Dijk, 1982; van 
Dijk & Walstra, 1986). Furthermore, changing conditions during 
syneresis (e.g. pH and temperature) may affect the size of the 
building blocks (Walstra, 1979) and contribute to the shrinking 
tendency of the matrix. Taking into account the nature of the 
resulting endogenous syneresis pressure, it is obvious that it 
must depend on the stage of gelation and on several experimental 
conditions. Some results on the influence of pH, temperature and 
added CaCl2 on this parameter have already been given by van 
Dijk (1982) and van Dijk & Walstra (1986). According to experi-
mental conditions, values between 1 and 3 Pa were found for the 
initial endogenous syneresis pressure. The large effect of 
external or mechanical pressure is therefore not surprising (van 
Dijk, 1982). However, it appeared difficult to obtain reliable 
quantitative information from experiments. 
1.4 Outline of this study 
First, an overview is given of the experimental apparatus and 
procedures. Except for one experiment, reconstituted skimmilk 
was used throughout this study. 
The one-dimensional approach did ask for a more thorough 
analysis of the syneresis pressure and the permeability. In 
Chapter 3 the original hypothetical description of van Dijk 
(1982) is defined in some more detail, thereby taking into 
account the implications of additional experimental results. 
Attempts are described to determine the permeability coefficient 
of syneresed gels and to find an "end point" of syneresis, i.e. 
the maximum shrinkage possible. 
In Chapter 4 results of syneresis and permeability measure-
ments under various conditions, such as milk pretreatment, 
rennet concentration, pH, measuring temperature, and addition of 
CaCl2 or NaCl are given. The separate effects on the permeabil-
ity coefficient and the endogenous syneresis pressure are 
evaluated. 
The important effect of mechanical pressure on syneresis is 
treated in Chapter 5. After adaptation of the microscope method, 
accurate and reproducible results on the shrinkage rate with 
various pressures were obtained. The results are considered in 
the light of existing theories for the compression of porous 
media. Thereby, it is tried to subtract some rheological para-
meters from the available experimental results and to link the 
syneresis behaviour to the rheological characteristics of the 
protein matrix. 
In Chapter 6 some remarks are made with respect to the 
results in relation to practical cheesemaking. Hydrodynamic 
effects during cutting and stirring are briefly described. 
Calculational results for intermittent pressure and changing pH 
are given. Also syneresis of gels from preconcentrated milk is 
evaluated. At the end of this chapter a preliminary three-
dimensional calculational model is presented. 
2 MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Reconstituted skinmilk 
For most of the experiments reconstituted skimmilk was used, 
which was made from low-heat skimmilk powder (Krause, Heino). 
The composition of this powder (see Table 2.1) was given pre-
viously by Roefs (1986). The difference between the true protein 
fraction and the sum of the casein and serum protein fraction 
must for the greater part be ascribed to the proteose-peptone 
components. 
Table 2.1. Composition (in wt. %) of the low-heat 
skimmilk powder employed in this study. 
dry matter 96.8 
ash 6.1 
fat 0.6 
true protein 1 ) 33.8 
casein 28.3 
serum protein 3.4 
NPN 1.8 
WPN index (ADMI,1971) 6.45 
1
 ) Most references give total or crude protein. This 
includes true protein and NPN. For more information 
see e.g. Karman & van Boekel (1986). 
For the preparation of standard skimmilk 10.4 g powder was 
dissolved per 100 g demineralized water. When other additions 
had to be made afterwards (acid, CaCl2), the amount of water was 
correspondingly adjusted. 100 ppm thiomersal (CjHjHgSCgl^COONa, 
BDH Chemicals Ltd) was used as a preservative. Van Dijk (1982) 
found no effect of this preservation on the syneresis behaviour 
of milk gels. During this study the possible effect of thiomer-
sal on the renneting behaviour was checked. The clotting time 
was not affected. 
The dispersions were stirred for 20 to 28 hours at 30 °C 
prior to rennet addition; with this treatment a further storage 
of the reconstituted skimmilk at 30 °C did not materially alter 
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its properties. For comparison, in some experiments dispersions 
were kept overnight at 4 °C after a previous treatment of 1 hour 
at 30 °C or 45 °C. Prior to rennet addition these samples were 
stored during 1 hour at 30 °C. 
2.1.2 Concentrated milk 
Concentrated milk was obtained by ultrafiltering reconsti-
tuted skimmilk at 30 °C in an Amicon concentrator model CH3, 
equipped with a hollow fiber cartridge (type H1P10, with a 
molecular cut-off of about 10000 Daltons). The calculated con-
centration factor was based on the residual volume of retentate 
and was checked by Kjeldahl analysis. Good agreement was found. 
2.1.3 Raw milk 
Raw milk was obtained from the dairy farm of the Agricultural 
University. To study the influence of milk pretreatment on the 
permeability of rennet skimmilk gels (see Section 4.2.1), a 
portion of fresh uncooled raw milk was used. After centrifu-
gation the skimmed milk was pasteurized (30 min at 63 °C), 
cooled to 30 °C and divided into two samples after addition of 
100 ppm thiomersal. One sample was used the same day for experi-
ments. The other sample was stored overnight at 4 °C and was 
used the next day after storage for 1 hour at 30 °C prior to 
rennet addition. 
For an experiment on the influence of fat on the syneresis 
behaviour (see Section 4.2.7), raw milk, stored overnight at 
4 °C, was divided into two portions of which one was centri-
fugea. Both the skimmed and the unskimmed milk were pasteurized 
Table 2.2. Composition (% w/w) of unskimmed and skimmed 
milk that was used in the experiment on the 
influence of fat on the syneresis behaviour. 
unskimmed milk skimmed milk 
fat 3.45 0.07 
protein 3.65 3.84 
lactose 4.47 4.66 
(30 min 63 °C) and cooled to 30 °C. After addition of 100 ppm 
thiomersal, they were kept at 30 "C until rennet was added. The 
composition of both portions, as determined with a Milkoscan 
104A/B (A/SN Foss Electric, Denmark), is given in Table 2.2. 
2.1.4 Rennet 
Commercial calf rennet (Leeuwarder kaasstremsel) with a 
strength of 10800 Soxhlet units was used. It was diluted shortly 
before use with demineralized water. 
2.1.5 Whey 
In permeability experiments at pH = 6.7 whey from low-heat 
whey powder was used. This powder was obtained by renneting a 
batch of raw milk at 30 °C without any means of acidification, 
cutting the gel and collecting the whey. The whey was skimmed, 
concentrated, spray dried and stored in cans. For experiments 
7.3 g whey powder was dissolved per 100 g demineralized water 
with 100 ppm thiomersal. After dissolving, the whey was clar-
ified in a Christ UJ 3 centrifuge ( 20 min at 2300 x g ). The 
whey was filtered before use. 
In other cases where whey was needed, reconstituted milk was 
renneted under conditions corresponding to those during the 
intended experiment. The gel was cut 30 min after rennet addi-
tion. The whey was separated by centrifugation and clarified by 
filtration as described above. Some information about the com-
position of the whey prepared at pH = 6.7 by both methods is 
given in Table 2.3. Only minor differences were found. 
2.1.6 Aprotinin 
In one experiment aprotinin (Sigma Chemicals) was used to 
check on the possible effect of protein breakdown by indigenous 
milk proteinases on the permeability coefficient of the gel. The 
final activity of aprotinin in the reconstituted milk amounted 
to 0.198 TIU/ml. 
Table 2.3. Some compositional data of the whey (pH = 6.7) 
when prepared from low-heat whey powder and 
from reconstituted skimmilk. 
dry matter (% w/w)1 
total protein (% w/w)2 
fat (% w/w)2 
lactose (% w/w)2 
Ca + Mg (mM)3 
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 according to Lang & Miethke (1933), IDF 33A: 1971 
2.1.7 Chemicals 
All low molecular chemicals were analytical grade. Appro-
priate solutions were prepared with demineralized water. 
2.2 Methods 
2.2.1 Clotting time 
For the determination of the clotting time 1 ml of a diluted 
rennet solution was added to 10 ml of milk at 30.0 °C. The 
clotting time was determined visually by drawing a film along 
the inside wall of a beaker until the first floes appeared. 
Determinations were carried out in quadruplicate. 
2.2.2 Shrinkage rate of curd slabs 
2.2.2.1 Microscope method without mechanical pressure 
For measuring the shrinkage rate of curd slabs in the early 
stages of syneresis, the microscope method described by van Dijk 
(1982) and van Dijk & Walstra (1986) was used. The principle of 





water immersion objective 
water 
thermostatted jacket 
glass filter plate 
Q. 
Fig. 2.1. Principle of the microscope method used to measure the shrinkage rate of a 
curd slab. The radius of the slab was 5 cm, its initial thickness 5 mm. a) without 
mechanical pressure, b) with mechanical pressure exerted by a sintered glass filter 
plate. 
According to the intended experiment, HCl, salts or NaOH were 
added five minutes before rennet addition to milk at 30 "C, 
unless described otherwise. After rennet addition the milk was 
brought into the thermostatted vat and left for renneting. 
Shortly before starting syneresis some corundum grains were 
sprinkled on the surface of the gel. For starting syneresis the 
surface was wetted, first by spraying and then flooding to 
prevent damage of the gel. The microscope was focused as soon as 
possible (generally within 60 s after starting syneresis) on one 
of the corundum grains. The change in height of the slab, deter-
mined by refocusing on the same grain with short time intervals, 
was read on the scale at the micrometer knob of the microscope. 
The depth of focus was about 1 um and one unit on the microscope 
scale corresponded with 2 urn. To find the change in height 
before the first reading, the readings were extrapolated to the 
moment of wetting (see Section 3.6). 
In experiments on the influence of the measuring temperature, 
the temperature was changed twenty minutes after rennet addition 
by connecting another water-bath to the apparatus. 
To determine the initial height of the slabs, in separate 
experiments a gel was cooled to 18 °C 60 min after rennet addi-
tion; syneresis rate was almost zero at this temperature. After 
focusing on the corundum grains on the surface of the slab, the 
gel was sucked away from under the objective. Subsequently, the 
microscope was refocused on the bottom of the vat. This experi-
ment was carried out six times. The average initial height was 
4829 um with a standard deviation of 26 um. 
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2.2.2.2 Microscope method with mechanical pressure 
Mechanical pressure was applied onto a curd slab by means of 
highly permeable sintered glass filter plates. The radius of 
these plates was slightly smaller than the radius of the curd 
slab ( see Figure 2. lb ). The pressure exerted on the curd slab 
was calculated from the dimensions and the mass of the plates, 
assuming the density of the glass to be 2600 kg«m"3. Applied 
pressures were 8, 27 and 62 Pa. 
During preliminary experiments it occurred that covering the 
bottom of the glass filter plates with filter paper led to 
somewhat higher shrinkage rates ( see Section 5.2.2). Filter 
paper was used in all further experiments carried out. 
After starting syneresis by spraying and flooding with 
demineralized water the prewarmed wet glass filter plate was 
carefully placed on top of the slab 60 s after starting syne-
resis. The change in height was measured by focusing on the 
surface of the glass filter plate and was read off as described 
in Section 2.2.2.1. 
2.2.3 Long-term residual height of curd slabs 
2.2.3.1 Residual height without mechanical pressure 
Besides determining the shrinkage rate in the early stages of 
syneresis, it was tried to find an equilibrium state of shrink-
age for a curd slab. If the microscope method was used, as 
described in Section 2.2.2.1, the contents of the thermostatted 
vat markedly changed at times longer than 20 to 25 hours after 
rennet addition due to bacterial activity. Therefore, an alter-
native method was followed for the case without mechanical 
pressure. Curd slabs were formed in Petri dishes, made of glass, 
with a radius of 9 cm. The dishes were stored in a thermostatti-
cally controlled water tank using weighting. Close attention was 
paid to keep the dishes water-level. The air under the lid 
prevented the inflow of the surrounding water. Measures were 
taken to minimize the disturbance due to vibrations during 
storage. The slabs were flooded with the corresponding whey at 
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one hour after rennet addition. After 25 to 50 hours the resi-
dual height of a slab was determined with a microscope by 
focusing on the surface of the slab, carefully removing the gel 
from under the objective and refocusing on the bottom of the 
dish. At times longer than 50 hours the results became unre-
liable because of the occurrence of cracks and slits in the 
slab. Problems due to bacterial activity were not encountered. 
The average initial height of the slabs with a given amount 
of milk was determined analogous to the description in Section 
2.2.2.2. For 11 samples this height was found to be 4807 um with 
a standard deviation of 32 um. 
The repeatability of the method was checked by the determi-
nation of the residual height in 10 dishes at 24 hours after 
rennet addition for pH = 6.68 and 30 °C. The average residual 
height was 1489 urn with a standard deviation of 30 urn. 
2.2.3.2 Residual height with mechanical pressure 
Pressure was exerted and the shrinkage was measured as out-
lined in Section 2.2.2.2. After having removed the glass filter 
plate at 25 hours after flooding, the final measurement of the 
residual height was carried out as described in Section 2.2.3.1. 
2.2.4 Permeability measurements 
2.2.4.1 General 
A measure of the resistance exerted on a liquid flowing 
through a fixed matrix in case of a laminar flow is the propor-
tionality constant in the equation of Darcy, which states for 
the flow in one direction: 
v = (-B/n) • VP (2.1) 
v = liquid flux (i.e. volume flow rate/cross-sectional 
area) (m^s"1 ) 
B = permeability coefficient (m2) 
Tl = viscosity of the flowing liquid (Pa»s) 
VP = pressure gradient (Pa»m_1 ) 
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The critical value of Re for Eq. (2.1) to hold is at least 
0.1 (Scheidegger, 1960). The corresponding value for the cri-
tical liquid flux vcrlt equals Re«(l-q>),rl/(P-6), where 6 is a 
diameter associated with the porous medium in m and where (1-<P) 
represents the liquid volume fraction in the gel. Assuming n = 
io- Pa«s, P = 103 kg«nr3, a rather high value for 6 of 10" m 
and 9 0.1, we find v 9-10- rn« s - see also Roefs 
(1986 ). During all permeability experiments the liquid flux was 
much smaller than v_ _,,. . 
2.2.4.2 Permeability of non-syneresed gels 
The tube method developed by van Dijk (1982) and also des-
cribed by van Dijk & Walstra (1986) and Roefs (1986) was used. 
Glass tubes with a length of 25 cm and an inner diameter of 4.0 
mm were cleaned thoroughly before use and sealed with laboratory 
film in which a pinhole was made. For the experiments they were 
lowered in test-tubes filled with milk to which rennet had been 
added. The milk was left for renneting at 30 °C. After the gel 
had become firm enough, the tubes were unsealed and put in a 
thermostatted plexiglass measuring vat, filled with whey. The 
whey started flowing through the 
gel after the level of the whey 
was raised. The change in the 
level of the whey in the tubes 
and the length of the gels was 
determined with a cathetometer. 
Generally the length of the gel 
was about 12 cm. The initial 
pressure gradient generally 
amounted to 5-103 Pa-nr1. Varia-
tion of the initial pressure 
gradient did not significantly 
influence the calculated permea-
bility coefficient, as was also 
found by van Dijk (1982). 
Van Dijk (1982) has derived 
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Fig. 2.2. Principle of a 
permeability measurement. For 
explanation see text. 
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the calculation of the permeability coefficient B half-way 
between two readings (see Figure 2.2): 
h(~)-h(t2) { } • n . H 
hM-hlti) 
B = (2.2) 
p . g • (t2-tx) 
ft(co) = height of the whey level in the reference tube (m) 
h(t) = height of the whey level in the gel tube (m) 
H = length of the gel (m) 
g = gravitational acceleration (m«s~2) 
The permeability increased linearly with time within the accu-
racy of the experimental results, as was also found by van Dijk 
(1982). Consequently, Be, the permeability coefficient of a gel 
at the moment the pressure gradient was applied, could be ob-
tained by extrapolation. Results shown are average values for 
three or four tubes. 
2.2.4.3 Permeability of syneresed gels 
For a description of the determination of the permeability of 
syneresed gels, the reader is referred to Section 3.3.2. 
2.2.5 Viscosity of the whey 
When using preoonoentrated milk, the viscosity of the corres-
ponding whey was determined using a KPG Ubbelohde viscosimeter 
(Schott Geräte, BRD) in a thermostatted water-bath. 
2.2.6 Gel electrophoresis 
The proteolytic action of indigenous milk proteinases as a 
function of time was checked by a quantitative variant of Poly-
Acrylamide gel Electrophoresis (PAE) according to the procedure 
described by De Jong (1975). 
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2.2.7 pH 
The pH values were determined after cooling the samples to 
room temperature with a Radiometer pH meter (type PHM 62), 
equipped with a Schott electrode (type N61). 
2.2.8 Calcium ion activity 
The calcium ion activity was determined by making use of an 
Orion 701A digital ion meter, equipped with an Orion 93-20-01 
Ca2* ion-selective electrode and an Orion 90-01 single junction 
reference electrode, as described by Geerts et al. (1983). 
Measurements were carried out at 30 °C. The activity coeffi-
cients for the standard solutions were calculated with the 
Debeije-Hückel equation, which states: 
A . z £ 2 • /I 
- log Yt = (2.3) 
1 + B • at • /I 
Yj = activity coefficient 
zL = valency Ca2* 
a± = ion size parameter for Ca2* 
I = ionic strength in mM 
A,B are constants 
Calculations were performed with a± = 4.944, A = 0.5141 and 
B = 0.3297 (Zoon, personal communication). The slope of the 
electrode was determined, as described by Geerts et al. (1983). 
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3 ONE-DIMENSIONAL SYNERESIS: SOME CONSIDERATIONS 
3.1 Introduction 
The concept of one-dimensional syneresis was introduced by 
van Dijk (1982), thereby offering possibilities for quantitative 
comparison between theory and experimental results. For sake of 
clearness, in this section a brief overview will be given. For a 
more extensive treatment of the analytical and the numerical 
approach the reader is referred to van Dijk et al. (1984). His 
theoretical approach was based on an analytical description of 
the transport of whey inside the gel. This was combined with the 
equation of Darcy (see also Eq. 2.1): 
v = (-B/n) • VP (3.1) 
For constant B, r\ and VP this resulted in a differential equa-
tion, which is identical with the second equation of Fick for 
diffusion processes (Crank, 1975). The Boltzmann analytical 
solution of this equation indicates a proportionality of the 
shrinkage with the square root of time after starting syneresis 
(t°•5) for the initial stages of the syneresis process. However, 
during syneresis the pressure on the liquid phase and the 
permeability of the matrix change with time and place. This 
precluded finding an analytical solution for the description of 
the whole process. 
It was possible to account for these effects by using a 
finite element method. In this numerical approach a slab of curd 
with an initial thickness H0 was divided into m thin slices of 
thickness t^
 0 . During the shrinkage process the thickness of 
the slices changes with time and position in the slab (see 
Figure 3.1). The relative remaining volume i of a slice is 
defined as: 
actual volume 
1 = (3.2) 
volume at t=0 
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Fig. 3.1. Curd slab divided into slices with the parameters for the numerical 
calculation of the shrinkage rate according to van Dijk (1982). 
Using the equation of Darcy one can write for the liquid volume 
flux strk from slice k into slice k-1: 
str, k . t 
(pk.t - pk-i.t) V t Ac-i.t , 
.( + )-i (3.3) 
0.5 • n B k . t B k - 1 . t 
As the shrinkage of the slab is exclusively caused by the loss 
of whey, one may state: 
A V t • <strk.i.t - strk.t) ' A t (3.4) 
These equations permit the calculation of the change in thick-
ness of any slice during the shrinkage process. In the calcu-
lations several precautions are taken to ascertain the reliabil-
ity of the results with this numerical model (van Dijk, 1982). 
The numerical approach also resulted in a proportionality of 
the shrinkage to t° •5 in the early stages of the syneresis 
process. Together with information about the permeability coef-
ficient at the very beginning of the syneresis process, this 
allows the calculation of the initial endogenous syneresis 
pressure Pjj, for which van Dijk (1982) derived: 
Be 
dAH/dt 
( ) 2 
0.5 • Q 
(3.5) 
where Be is the permeability coefficient at the moment of star-
ting syneresis in m2 and dAH/dt is the shrinkage rate in m-s"1 . 
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From model calculations a value of about 0.6 for the constant Q 
was obtained (van Dijk, 1982). 
In this chapter syneresis pressure, permeability and their 
dependence on time after rennet addition and degree of concen-
tration will be separately discussed. Moreover, the largely 
hypothetical description of van Dijk (1982) is combined with 
some additional experimental results, leading to a more detailed 
picture of what happens during syneresis of rennet-induced milk 
gels. 
Compression of the matrix under the influence of a mechanically 
exerted pressure will be treated in Chapter 5. 
3.2 Syneresis pressure 
The syneresis pressure, i.e. the pressure on the liquid 
phase, is the cause for syneresis to occur. For a clear under-
standing of the contributing processes, it is useful to distin-
guish between the situation before macroscopic syneresis has 
started and the situation thereafter in a shrinking gel. How-
ever, most of the phenomena mentioned for the initial situation 
may also play a part in a shrinking gel. 
3.2.1 Syneresis pressure in a non-syneresed gel 
For the one-dimensional case in the absence of mechanical 
pressure, the syneresis pressure is made up of the endogenous 
syneresis pressure and a gravitational contribution as a result 
of the density difference between the casein matrix and the whey 
(van Dijk, 1982). 
3.2.1.1. Endogenous syneresis pressure 
After a gel (i.e. a continuous network of paracasein micel-
les) has been formed still many more junctions can come about, 
since the paracasein micelles are probably reactive over their 
entire surface. The formation of new contacts results in local 
network stresses, whereas at the same time changes elsewhere in 
the network may result in stress relaxation. The height of the 
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pressure on the liquid, the endogenous syneresis pressure, is 
governed by the balance of these processes. One can distinguish 
between: 
- The reactivity of the particles. This can be expressed as an 
activation free energy for attaining contact between fully 
renneted micelles as such. It is predominantly due to elec-
trostatic and steric repulsion and depends on experimental 
conditions (Walstra & van Vliet, 1986). Higher temperatures 
up to 60 °C result in lower values for the activation free 
energy of fully renneted micelles (Dalgleish, 1983). This can 
not be fully explained by changes in the surface charge of 
the micelles (van Hooydonk & Walstra, 1987). It was suggested 
that a temperature-dependent steric repulsion between micel-
les from protruding chains of ß-casein may serve as a partial 
explanation. Furthermore, the reactivity of renneted parti-
cles becomes higher with a higher Ca2 * concentration and 
lower with a higher ionic strength (Dalgleish, 1983 ). 
After rennet addition reactive sites are formed. Their number 
gradually increases until all ic-casein has been split (van 
Hooydonk et al., 1984). 
- The probability of approach. This is determined by several 
factors. It is likely that a shorter distance between reac-
tive sites and the existence of highly flexible strands 
facilitate the formation of new contacts. This may for 
example be the case with a higher volume fraction of the 
building blocks, either locally or for the whole gel. The 
formation of new contacts is expected to be most prominent 
during the early stages of gelation, when some dangling 
strands still occur (Walstra et al., 1985). As gelation 
proceeds, these strands will become more closely attached to 
the casein matrix. Individual strands also become more rigid 
as a result of an increase in the number of bonds per cross-
sectional area during gelation. This limits their flexibility 
and increases their resistance against bending. 
- The breaking of strands. This may occur under the influence 
of small local tensile stresses, caused for example by the 
formation of contacts elsewhere, or by thermal motion. It 
offers possibilities for the formation of new contacts. At 
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the same time it results in a lowering of the pressure 
exerted on the liquid phase. The strengthening of the strands 
during gelation gradually diminishes the probability of 
breaking. Walstra et al. (1985) estimated the breaking force 
of a strand to be of the order of 10"11 N. From experiments 
with mechanically exerted pressure, corresponding values 
could be calculated (see Section 5.5.3). Breaking of strands 
presumably depends on the relaxation behaviour of the bonds 
in the junctions. It should be realized that there is no 
single relaxation time, but a whole spectrum. As a result the 
relaxation behaviour in the junctions, the contact area 
between the building blocks, is determined by the stress, the 
time scale and the types and the number of bonds per junction 
(Ferry, 1980; Roefs, 1986; Zoon et al., to be published). 
- Internal rearrangements in the strands. Over longer time 
scales the endogenous syneresis pressure may also relax as a 
result of internal rearrangements in the strands. In such 
cases a local tensile stress has not or not yet resulted in 
the breaking of the strand, leaving time for breaking and 
reforming of bonds between individual protein molecules in 
the junctions. Also for this process a strong dependence on 
the relaxation behaviour of the bonds in the junctions must 
exist. 
These processes determine the magnitude of the endogenous 
syneresis pressure as a function of time after rennet addition 
in a non-syneresed rennet-induced skimmilk gel. Only a qualita-
tive description can be offered. Detailed information about the 
spatial arrangement and the rheological properties of the 
individual strands and their effect on the endogenous syneresis 
pressure is lacking and will be hard to get. The low values of 
this pressure (0 - 3 Pa), which precludes direct measurement 
with sufficient accuracy, are partly responsible for this. The 
endogenous syneresis pressure for the whole gel should be 
envisaged as a kind of system-averaged result of processes in 
the network. This pressure has a very momentary character. A 
pressure balance, e.g. as given in Section 5.5 for the case with 
mechanical pressure, does not apply. 
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As a result of the above mentioned processes, rennet milk 
gels show microsyneresis in the regions where the network cannot 
shrink; this is the rearrangement of strands, leading to dense 
and less dense regions and on average wider pores. This results 
in an increase of the permeability coefficient with time after 
rennet addition (van Dijk, 1982; van Dijk & Walstra, 1986). With 
acid casein gels at pH < 5.2 an increase of the permeability 
coefficient with time after the onset of gelation was not 
observed. This was explained by a sharp change in the casein 
particle structure and the relaxation behaviour of the inter-
particle bonds around pH = 5.2 (Roefs, 1986). 
3.2.1.2 Influence of time after rennet addition 
In Figure 3.2 the change of the endogenous syneresis pressure 
with time after rennet addition in a gel of non preconcentrated 
milk (i = 1) at 30 'C is shown for three values of the pH. In 
the early stages of the gelation process the built-up of the 
Po(Pa) 
1.0 1.5 2.0 
time after rennet addition (h) 
Fig. 3.2. Calculated initial endogenous syneresis pressure of rennet skimmilk gels as 
a function of time after rennet addition. Influence of pH. 500 ppm rennet; 30 'C; 
pH * 6.68 (•), pH - 6.48 (A), pH - 6.33 (•). ( ) is an assumed extrapolation to 
the clotting time. 
22 
pressure by the formation of new contacts is only partly coun-
teracted by relaxation and strengthening processes. The maximum 
can be explained by the decrease in the number of dangling 
strands, an increase in the inhomogeneity of the matrix as a 
result of microsyneresis (so a larger average distance between 
strands), the strengthening of the strands and the relaxation of 
the stress due to breaking of strands and internal rearrange-
ments. 
The change of the endogenous syneresis pressure with time 
after rennet addition was clearly affected by pH. At a lower pH 
the maximum for the endogenous syneresis pressure was found at 
an earlier time after rennet addition. This may be explained by 
assuming that all processes are faster, although to a different 
degree, resulting in a higher maximum at a lower pH between pH = 
6.7 and pH = 6.3. The number of reactive sites increases faster 
as a result of a higher rate of the renneting reaction (van 
Hooydonk et al., 1986b). The reactivity of the paracasein 
micelles themselves may also be influenced by pH; whether this 
is due to changes in steric or electrostatic repulsion or both 
remains to be answered (van Hooydonk & Walstra, 1987). The 
foregoing is likely to result in a higher stress in the strands 
and a larger pressure on the liquid phase. Because of the faster 
increase in the number of reactive site and a possible higher 
reactivity of these sites also a higher rate of strengthening of 
the strands is expected. Moreover, the increased solubilization 
of the colloidal calcium phosphate at a lower pH may promote the 
fusion of the micelles, i.e. a faster increase in the number of 
bonds per junction. This may hinder the formation of new con-
tacts and result in an earlier drop of the initial endogenous 
syneresis pressure. 
The higher maximum values at a lower pH can be explained by 
assuming that in the early stages of gelation the relaxation of 
the stress in the strands does not occur fast enough to compen-
sate for the higher reactivity of the particles. The relaxation 
of the stress in the strands may even be slower because of a 
higher number of bonds per junction at a lower pH. 
Intramicellar interactions may also be affected as a result 
of conformational changes of the casein molecules, influencing 
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the possibilities for internal rearrangement. Results of Theo-
logical measurements showed a faster increase of the moduli at a 
lower pH between pH = 6.7 and pH = 6.3. The relative contribu-
tions by the various types of bonds did hardly change between pH 
= 6.7 and pH = 6.3 (Zoon et al., to be published). This points 
to the number of bonds as a function of time being the more 
important factor concerning the relaxation behaviour in the 
strands. 
3.2.1.3 Influence of milk preconcentratlon 
From experimental results obtained with ultrafiltered milk, 
higher values for the initial endogenous syneresis pressure were 
calculated at a further degree of preooncentration, as can be 
seen in Figure 3.3. This may be explained by a higher number of 
1.0 15 2.0 
time after rennet addition (h) 
Fig. 3.3. Calculated initial endogenous syneresis pressure of rennet skimmilk gels as 
a function of time after rennet addition. Influence of milk preconcentration. 500 ppm 
rennet, 30 *C. 
pH - 6.68 ( ), i = 1.0 (•), i = 0.75 (à), i = 0.6 (•) 
pH = 6.33 ( ), i = 1.0 (o), i = 0.75 U ) , i = 0.6 (0) 
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reactive sites and a shorter average distance between them. This 
promotes the formation of new contacts. It should be noted that 
especially at pH = 6.33 the calculated endogenous syneresis 
pressure was found to vary rather erratically with time after 
rennet addition. This ma^ be because only single syneresis 
measurements were performed with gels from preconcentrated milk. 
Still, an effect of the degree of concentration on the time 
after rennet addition, at which the maximum value for P^ is 
reached, appears absent. This suggests that the structure at the 
level of the individual strands is hardly affected by preconcen-
tration of the milk, although Theological measurements resulted 
in a faster increase of the macroscopic moduli with time at a 
higher degree of preconcentration (van Dijk, 1982; Zoon et al., 
to be published). Apparently, preconcentration of the milk 
results in a higher average number of strands per cross-sec-
tional area during the early stages of gelation, although a 
higher average thickness of strands is expected after some time. 
The influence of preconcentration on syneresis will be 
further discussed in Sections 5.4. and 6.6. 
3.2.1.4 Gravitation-Induced syneresis pressure 
Besides the endogenous pressure, gravitational forces can 
contribute to the pressure on the liquid phase according to the 
experimental setup, although they are of minor importance during 
the early stages of shrinkage in a syneresing slab (van Dijk, 
1982). One can deduce the following relationship for the gravi-
tational pressure: 
P9 = q> • AP • g • hc (3.6) 
where <p denotes the volume fraction of the micellar dry matter, 
AP is the density difference between the micellar dry matter and 
the liquid phase and hc is the distance to the surface of the 
gel. For the density of the calcium paracaseinate calcium 
phosphate complex and the liquid phase, respectively 1390 kg.m"3 
(Buma, 1965) and 1025 kg.m"3 (Walstra & Jenness, 1984) were 
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taken. Based on the composition of the skimmilk powder (see 
Table 2.1) P9 was calculated to be 0.37 Pa at the bottom of a 5 
mm slab when made from standard reconstituted skimmilk. 
3.2.2 Syneresis pressure in a syneresing gel 
Up till now no adequate method has been developed for the 
direct measurement of the syneresis pressure and changes therein 
during syneresis. For the endogenous syneresis pressure as well 
as for the gravitation-induced pressure only a qualitative 
description can be given, resulting in a set of trial functions. 
3.2.2.1 Endogenous syneresis pressure 
The local endogenous syneresis pressure in a syneresing gel 
may depend on: 
- The rheological properties of the strands. For shrinkage to 
occur, deformation of strands is needed. The deformation is 
determined by the stress and the time scale of deformation in 
relation to the rheological properties of the strands. For 
given experimental conditions, these depend on the time after 
rennet addition and maybe also on the local degree of concen-
tration. 
- The possibilities for liquid flow. Better possibilities for 
liquid flow will result in greater shrinkage and a faster 
drop of the syneresis pressure. The liquid flow is determined 
by the local permeability of the matrix and the local pres-
sure gradient. Initially, the situation for liquid flow to 
occur is most favourable in the outer layers. 
- The local rearranging tendency of the strands. The processes 
at the level of the strands and the building blocks, which 
are responsible for the endogenous syneresis pressure, were 
discussed in Section 3.2.1.1. Initially, one has to deal with 
Pjj. The endogenous syneresis pressure can be affected by the 
local condensation of the matrix. For instance, the distance 
between reactive sites is lowered. On the other hand shrink-
age can locally promote the formation of thicker strands and 
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thus a stiffening of the casein matrix. This retards the 
formation of new contacts and the exertion of pressure on 
the liquid phase. 
These factors will make the change in the endogenous syneresis 
pressure during shrinkage to depend on time and place in the 
gel. One can try to account for all these factors in mathema-
tical equations, but the lack of detailed quantitative infor-
mation may interfere the success of such an approach. Expression 
of the resistance of the matrix in a kind of reaction force 
(Walstra & van Vliet, 1986) can remind one of the importance of 
the above mentioned processes, but the very low pressures 
involved prevent the collection of exact information about the 
relevant rheological parameters, such as the modulus, the 
deformation and the time scale in their mutual relation and 
their dependence on concentration. Such an approach may be more 
appropriate if mechanical pressure is exerted. 
For the present situation it was not tried to make any kind 
of subdivision for the processes contributing to the endogenous 
pressure during syneresis, nor was it tried to account for 
effects of time and place. In model calculations trial functions 
were used, in which only the influence of the degree of concen-
tration was taken into account. These trial functions are 
presented in Figure 3.4. To simplify matters, it was assumed 
that the endogenous pressure becomes zero when the relative 
remaining volume is 0.3, although further shrinkage is certainly 
possible (see Section 3.4). However, this will not influence the 
calculated shrinkage rate during the first hour after starting 
syneresis. Van Dijk (1982) hardly found any effect from the 
shape of his trial functions on the calculated shrinkage rate. 
From his work trial function (1) was adopted after a small 
adjustment. Based on the results with preooncentrated milk a few 
other functions were introduced, in which the endogenous syne-
resis pressure at first remained at a higher level as compared 
to the trial functions used by van Dijk (1982). Some calcula-
tional results with these trial functions will be discussed in 
Section 3.5, after having considered the other parameters 




4) P=(i) - Pn(l-l) 
0.3 s 1 s 1 
i - 0.3 
2) p!?(i) « P?(i-1) • 0.3 s i s 1 
i - 0.3 
3) p!!(i) - Pn(i = D • 0.3 s 1 s 1 
0.5 < 1 s 1 
i - 0.3 
P„(i) - Pn(i = l) • 0.3 s i s 0.5 
Fig. 3.4. Trial functions for the endogenous syneresis pressure as a function of the 
degree of concentration. 
3.2.2.2 Gravitation-induced syneresis pressure 
The contribution of gravitational forces to the syneresis 
pressure in a syneresing gel must be approached in a different 
manner. As with mechanically exerted pressure, the total grav-
itation-induced pressure must be accounted for during the whole 
syneresis process. For this description reference can be made to 
the piston-spring analogy of Terzaghi (1965), which is described 
in Section 5.5.1. During syneresis the visco-elastic character 
of the stiffening matrix leads to a gradual decrease of the 
pressure on the whey, theoretically until the closest packing is 
achieved. Although the relationship may depend upon time and 
place in the gel, for model calculations a linear decrease of 
the initial value with a lower i was assumed (van Dijk, 1982): 
P9 = Pg . 1.5 • ( V t - 1/3) (3.7) 
where Pg denotes the local gravitation induced pressure before 
syneresis has started and i^





The resistance against flow through the matrix can be expres-
sed by the permeability coefficient (Scheidegger, 1960). It is 
determined by the spatial arrangement of the solid phase. For a 
given volume fraction of the solid phase, a more inhomogeneous 
matrix will result in a higher value for the permeability 
coefficient. 
At constant conditions the permeability of rennet skimmilk 
gels was found to increase with time after rennet addition. 
Deformation of rennet skimmilk gels may further promote this 
increase (van Dijk, 1982; van Dijk & Walstra, 1986). 
In this section the attention will be focused on the change 
of the permeability coefficient with the degree of concentration 
under varying conditions. One can obtain a relationship between 
the degree of concentration and the permeability coefficient 
with gels from ultrafiltered milk. However, it was unanswered 
whether these values clearly reflect the situation if the gel is 
concentrated by syneresis. Attention is paid to this aspect in 
Section 3.3.2. 
3.3.1 Permeability of gels frem preconcentrated milk 
The measurements performed by van Dijk (1982) were repeated 
with reconstituted skimmilk at various pH and measuring tempera-
ture. In all cases 500 ppm rennet was used, leading to a some-
what longer clotting time for a higher degree of preconcentra-
tion at 30 °C (results not shown). 
The initial pressure gradient across the gel was varied, in 
order to obtain a reasonable flow rate (0.1 - 0.2 mm-min"1) 
during measuring in each case. The calculated permeability 
coefficients for the moment at which the gel was pressurized 
were fitted to power curves. The relations with the time after 
rennet addition and the degree of concentration appeared to be 
additive. The obtained relationships are given in Table 3.1. A 
higher initial value for the permeability coefficient and a 
greater increase with time were found with a lower pH and also 
with a higher temperature. This will further be dealt with in 
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Table 3.1. Calculated relations for the permeability coefficient 
of rennet milk gels as a function of time and degree of concen-
tration (by UF). Acidification with HCl at 5 min before rennet 
addition, 500 ppm rennet added at 30 "C, changed to measuring 
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( 2 . 1 . 1 0 - 1 3 . i 3 0 ) + ( 2 . l . l O - i ' . i 3 0 «t ) 
( 3 . 1 . 1 0 - 1 3 - i 2 - 9 ) + ( 3 . 2 . 1 0 - i ' » i 2 - 8 - t ) 





1 = degree of concentration (volume after UF/original volume) 
t = time after rennet addition - 1800 (s) 
Chapter 4. For the influence of the degree of concentration the 
exponent was found to be 3.0, depending only slightly on the 
experimental conditions. This value was somewhat lower than the 
one obtained for acid skimmilk gels (Roefs, 1986) and slightly 
higher than found before for rennet skimmilk gels (van Dijk, 
1982). 
The exponent for the influence of time was also about 3.0. 
This means that the relative change in the permeability coeffi-
cient with time after rennet addition does hardly depend on the 
degree of concentration for given experimental conditions. 
3.3.2 Permeability of syneresed gels 
In separate experiments it was also tried to determine the 
overall permeability coefficient of a syneresed gel in a more 
direct way. This was achieved by using the apparatus outlined in 
Figure 3.5. It consisted of a beaker (0 = 100 mm) with a piece 
of glass filter plate (0 = 26.2 mm), that was fixed in the 
bottom, and a removable funnel part. During the experiments the 
apparatus was kept in a thermostatically controlled water-tank 
at 30 °C. 
A gel was prepared by filling the apparatus with skimmilk, to 
which rennet had been added, through the funnel part. The beaker 
was removed at one hour after rennet addition and carefully 
clanged to another identical funnel part. This was filled with 




glass filter -funnel part 
during gelation during measurement 
Fig. 3.5. Principle of the apparatus for measuring the permeability of a syneresed 
gel. 
loose from the wall. In case of experiments with mechanical 
pressure a filter paper covered glass filter plate was placed on 
top of the gel. The gel was left to synerese for 25 hrs. 
At first, a measurement was started by raising the level of 
the whey in the funnel part some 60 to 80 mm above the level of 
the whey in the beaker. The time needed for the drop of the whey 
level over a certain distance was determined. Repeated measure-
ments showed an increase in the flow-through time and defor-
mation of the gel above the glass filter plate was clearly 
visible. In later experiments the beaker was completely filled 
with whey before the measurement was started. The level of the 
whey in the funnel part was raised 5 to 15 mm above the level in 
a reference tube. Then the liquid flux through the gel was 
determined, keeping the level of the whey in the funnel part 
constant. The liquid flux was measured by making use of an 
autoburette (Radiometer, type ABU 13) and a cathetometer. With 
this procedure the liquid flux was almost constant with time. 
The initial value was used for the calculation of the permeabil-
ity coefficient of the syneresed gel. The level of the milk 
before clotting and the residual height of the gel were deter-
mined with callipers. 
The situation during measuring can be considered as a case of 
two-dimensional stationary flow. To let the calculation of the 
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Overall permeability coefficient not become too unwieldy, the 
following assumptions were made: 
- the residual gel is homogeneous and isotropic; 
- the shape of the residual gel remains cylindrical; 
- the permeability coefficient of the gel in the glass filter 
plate can be calculated from the relation for the change in 
the permeability coefficient with time for non-syneresed gels 
(see Section 3.3.1). 
Especially, the first assumption is highly questionable and the 
consequences will be pointed out at the end of this section. 
For the calculation of the overall permeability coefficient 
use was made of an implicit finite difference method. A mathema-
tical grid was introduced to calculate the equilibrium flow 
potential distribution in the gel, a method often used for the 
numerical modeling of groundwater flow (Southwell, 1940; Bear & 
Verruijt, 1986). The value of the potential directly above the 
glass filter plate was obtained after correcting for the pres-
sure drop over this plate. For the calculation of this pressure 
drop, the equations in Table 3.1 were used, taking 1 = 1. The 
iteration process was accelerated by using a successive over-
relaxation factor of 1.4. Examples of the resulting calculated 
pattern of equipotential surfaces during measuring for a rela-
tively high and a relatively low residual height of the gel are 
shown in Figure 3.6. The flow lines are perpendicular to this 
pattern. The liquid flux through the surface of the slab was 
determined by numerical integration, using the equation of Darcy 
with an assumed value for B. The overall permeability coeffi-
cient for the gel was obtained after comparison with the liquid 
flux found experimentally. 
The results for various experimental conditions are shown in 
Table 3.2. A lower permeability coefficient was found with a 
higher degree of concentration and with a higher pH, in accor-
dance with the results obtained with non-syneresed gels. 
A few remarks should be made before comparison of the results 
with those obtained for gels from preconcentrated milk. Extrapo-
lation by means of the equations in Table 3.2 to over 20 hrs 
after rennet addition for 1 = 1 probably leads to an overestima-
tion of the permeability coefficient for the gel in the filter 
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-glass filter plate 
Fig. 3.6. Equipotential lines in syneresed gels with varying thickness during the flow 
of whey as in Fig. 3.5, calculated for the assumptions of homogeneity and isotropy. 
Table 3.2. Comparison of the permeability coefficient with 
various degree of concentration for syneresed 
gels at 26 hrs after rennet addition and for 
gels from UF-preconcentrated milk (see Table 
3.1). 500 ppm rennet, 30 °C. For syneresed gels 
syneresis was started at 1 hour of rennet 
addition. 
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pressure 
plate. The rate of change for the permeability coefficient 
namely tends to decrease with time after rennet addition (van 
Dijk, 1982; see also Chapter 4). For instance, halving this 
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value for the first case in Table 3.2 (which is probably more 
than the maximum deviation possible), the permeability coeffi-
cient for the syneresed gel was found to be 9.0-10"13 m2 instead 
of 6.2« 10"x 3 m2 . This effect will be less marked for gels 
further syneresed, because of the relatively smaller pressure 
drop over the gel in the glass filter plate in such cases. 
Also the inhomogeneity of a syneresed gel causes an under-
estimation of the permeability coefficient at a certain degree 
of concentration. The effect was estimated for the same case, 
using two different trial functions for the concentration 
profile (see Figure 3.7) and B = B(i=0.71)-i2 •5 /0.425 for the 
relation between B and the local degree of concentration. The 
overall i is the same for both trial functions. The calculated 
overall permeability coefficients for inhomogeneous gels were 
4.8«10~13 m2 when using trial function 1) and 1.5-10"13 m2 when 
using trial function 2) So, it can readily be assumed that the 
permeability coefficient for a given degree of concentration is 
estimated too low if it is determined in an inhomogeneous gel. 
Gels with a low residual i are expected to have a less pronoun-
ced concentration profile. For these gels clearly a higher 
permeability coefficient was found in the case of concentration 
by syneresis as compared to gels from preconcentrated milk. 
1) i = 1 - 0.817 • U/H n) 
2) i = 1 - 1.738 • (x/Hn)J 
x/H0 
Fig. 3.7. Trial functions for the concentration profile in a syneresed gel as used for 
the estimation of their effect on the overall permeability coefficient (see text). 
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Finally, it should be noted that one-dimensional syneresis 
may cause differences between the permeability coefficient in 
the horizontal and in the vertical direction. The latter will 
probably be affected to a lesser extent during shrinkage. 
It is concluded that the permeability coefficient of a 
syneresed gel is underestimated by using the results obtained 
with preconcentrated milk. In Section 3.5 results of model 
calculations with exponents of 3.0 and 2.0, the latter being a 
rough estimate based on the results described in this section, 
in the equations for the permeability coefficient as a function 
of time and degree of concentration will be shown. 
3.4 End point of syneresis 
It must be assumed that the end point of syneresis for given 
conditions at least equals the equilibrium moisture content. The 
latter is determined by an equilibrium state of swelling of the 
particles in the interstitial moisture. As was discussed by 
Walstra et al. (1985), only small quantities of water are bound 
to specific groups of the protein molecules (« 0.1 g water/g 
paracasein). Most water is imbibed in the curd, either between 
the protein molecules in the particles or between the particles 
themselves. 
In some experiments during this study gel slabs were allowed 
to synerese for 20 to 50 hrs in Petri dishes. The residual 
height was determined with a microscope (see Section 2.2.3). The 
results are summarized in Figure 3.8. To give a complete pic-
ture, also the results obtained with mechanical pressure are 
included. In neither case an end point of syneresis could be 
established. The occurrence of cracks restrained continuation of 
the experiments for longer times. 
The equilibrium amount of water per gram paracasein micelles 
at room temperature and physiological pH was estimated to be 
about 1.4 (Walstra et al., 1985). When neglecting interstitial 
moisture, this would correspond with a relative remaining height 
of at most 0.07. All experimental values were higher, except 
maybe for pH = 6.33 and P" = 62 Pa. For further shrinkage to 
occur, it must be assumed that relaxation processes in the 
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60 0 20 30 40 50 60 
time after rennet addition (h) 
Fig. 3.8. Relative residual height of rennet curd slahs as a function of time after 
rennet addition. Influence of pH, mechanical pressure, rennet concentration and 
measuring temperature. Petri dish method except when mechanical pressure was applied 
(microscope method); renneting temperature = 30 'c. changed to measuring temperature 
at 20 min after rennet addition, initial height = 5 mm. 500 ppm rennet ( ), 250 ppm 
rennet ( ), 30 'c (e), 34 'c (*). 
strands and in the micelles can lead to deformation, whereby the 
amount of interstitial moisture is gradually decreased. Possi-
bly, protein breakdown by rennet enzymes or plasmin may play a 
part in this. However, halving the amount of rennet did not 
affect the shrinkage in the absence of mechanical pressure. 
From Figure 3.8 it can be seen that a lower pH and a higher 
temperature resulted in lower values for i. This can partly be 
ascribed to a higher permeability coefficient at lower pH and 
higher temperature (see Chapter 4), which speeds up the expul-
sion of whey. At the same time the lower voluminosity of the 
micelles themselves also may contribute to the observed effects 
(Darling, 1982; van Hooydonk et al., 1986a). 
In model calculations the end point of syneresis was assumed 
to be 0.3. According to the experimental results lower values 
occur, depending upon the experimental conditions and the time 
after rennet addition. However, changing the value for the end 
point of syneresis in the trial functions will only have a very 
limited effect on the calculated syneresis rate in the early 
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stages of the process. Therefore, the assumed value was not 
adapted. 
3.5 Results of model calculations 
3.5.1 The effect of various trial functions for the endogenous 
syneresis pressure 
The results of model calculations with the trial functions in 
Figure 3.4 are presented in Figure 3.9. The gravitational force 
was kept zero in these calculations in order to make a clear 
comparison possible. For the initial endogenous syneresis 
pressure 1 Pa was taken. The first equation in Table 3.1 was 
used for the calculation of the permeability coefficient as a 
function of time and degree of concentration. The initial height 
of the slab was 5 mm. From Figure 3.9a it can be seen that in 
all cases the initial shrinkage was proportional to t° •5. The 
increase of the permeability coefficient with time after rennet 
addition is responsible for the deviation from the initial 
proportionality to t° •5 in Figure 3.9a. The calculated values 
for Q in Eq. (3.5) were 0.54, 0.55, 0.53 and 0.50 for the trial 
functions 1, 2, 3 and 4, respectively. The difference with 
values of 0.58-0.62, found by van Dijk (1982), must be caused by 
the assumed absence of gravitational forces in our case and by 
the differing relationship for the permeability coefficient as a 
function of time and degree of concentration (see also Section 
3.5.2). Only small differences in the shrinkage rate were 
detected for trial functions 1, 2 and 3. With trial function 4 
the calculated shrinkage rate was somewhat lower. 
In Figure 3.9b the calculated concentration profiles after 
the slab has shrunk to 0.8 times the original height are shown. 
It can be seen that the lower shrinkage rate with trial function 
4 must be due to the relative high degree of concentration and 
thus the lower value for the permeability coefficient in the 
outer layers. If the pressure in the outer layers remains at a 
high level during concentration, a poorly permeable skin is 
formed. This results in delayed shrinkage despite an on average 







O-i ^- 1 1 1 ; 1 1 1 1 1 




Fig. 3.9. Results of model calculations for the one-dimensional shrinkage with time 
(Fig. 3.9a) and the concentration profile after 20 % shrinkage (Fig. 3.9b) of rennet 
skimmilk gels. Influence of different trial functions for the change in the endogenous 
syneresis pressure (Bee Fig. 3.4). H Q * 5 mm; B = B(i,t) (see first equation in Table 
3.1); P;* = 0. P^ » 1 Pa, trial function: 1) (o), 2) (Q), 3) (0). 4) (•). 
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in the outer layers is to a greater extent rate-determining for 
the syneresis rate than the level of the syneresis pressure. 
Taking into account the large effect of the degree of precon-
centration on the initial endogenous syneresis pressure, it was 
felt that trial function 3 may be the most realistic one for the 
dependence of the endogenous syneresis pressure on the degree of 
shrinkage. However, applying other trial functions will only 
have a limited effect on the calculated shrinkage rate. 
3.5.2 The effect of different relations for the change of the 
permeability coefficient 
In Section 3.3.3 it was shown that the permeability coef-
ficient as a function of time after rennet addition and degree 
of concentration is underestimated by using the values obtained 
from experiments with preconcentrated milk. Results of calcu-
lations with an exponent of 2.0 instead of 3.0 in the first 
equation from Table 3.1 for a slab with an initial thickness of 
5 mm are shown in Figure 3.10. The shrinkage rate is found 
markedly higher in such a case (see Fig. 3.10a). For Q in Eq. 
(3.5) a value of 0.75 instead of 0.55 was calculated. Q thus 
depends on the chosen exponent in B{±,t). The shrinkage profile 
after the slab has shrunk to 0.8 times its original thickness is 
not much affected (see Fig. 3.10b), although a somewhat lower 
degree of shrinkage of the inner layers was found with an 
exponent of 2.0. This is an indirect effect of the higher 
shrinkage rate, which limits the contribution from the increase 
of the permeability coefficient with time after rennet addition 
(see Fig. 3.10c). On the other hand, one must conclude that also 
in this case syneresis rate is predominantly determined by what 
happens in the outer layers of the slab. 
3.6 Calculation of the initial endogenous syneresis pressure 
from experimental results 
Collection of accurate experimental data on the initial 
shrinkage rate proved to be rather difficult. The change in 




Fig. 3.10. Results of model calculations for the one-dimensional shrinkage with time 
(Fig. 3.10a), the concentration profile after 20 % shrinkage (Fig. 3.10b) and the 
corresponding permeability profile (Fig. 3.10c) of rennet skimmilk gels. Influence of 
the exponent in the relation for the change in the permeability with degree of concen-
tration (see first equation in Table 3.1). H Q = 5 mm; P^ = 0, P^ = 1 Pa, trial func-
tion 3) for PS (i) ; B 
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the surface of the gel. Thereby, especially in the case of a low 
shrinkage rate, a considerable error in the values read off at 
the micrometer knob was to be expected. In Table 3.3 some 
experimental results are presented for two values of the pH 
after fitting the shrinkage to power curves of the shape AH = 
a-tT, where t is the time after starting syneresis in s. From 
Table 3.3 it can be seen that a considerable spread in the 
values for a and r occurred, especially at pH = 6.68. 
Table 3.3. Least square estimates of a and r in AH = a'tT 
for the shrinkage of rennet milk gels till 5 
min after starting syneresis. 500 ppm rennet, 
microscope method, 30 °C. 
estimated 
pH ta 106-a r AH(t=300s) 























































ta = time of starting syneresis in hours after rennet 
addition 
Nevertheless, the proportionality of the shrinkage to t° •5 
during the first five minutes after starting the syneresis 
process appears questionable. Especially the results obtained at 
pH = 6.33, which are assumed to be more reliable due to a higher 
shrinkage rate, suggest a higher value for the exponent. This 
deviation from the square root proportionality could not be 
ascribed to the effect of gravitational forces or the increase 
of the permeability with time, as was established with model 
calculations (van Dijk, 1982; see also Section 3.5). Further-
more, r tended to be higher when syneresis was started sooner 
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after rennet addition, which points to the gel properties being 
responsible. 
For a possible explanation of the deviation from the propor-
tionality of the shrinkage to t° •5, the Theological behaviour of 
the gel shortly after the onset of syneresis must be considered. 
An proposed explanation is illustrated in Fig 3.11. It is 
presumed that in the early stages of the shrinkage process the 
deformability of the matrix is the rate-determining factor. At 
the onset of syneresis, a very small momentary elastic defor-
mation (shrinkage) will occur. Afterwards, the normal visco-
elastic behaviour of rennet milk gels (van Dijk, 1982) will be 
displayed. This may limit the shrinkage rate to values lower 
than derived from the model calculation; i.e. the outer layers 
cannot be concentrated at the rate calculated according to the 
Darcy equation. Theoretically, the latter leads to an infinite 
shrinkage as t — > 0, hence infinite viscous stress. A rough 
calculation based on the Trouton viscosity of the matrix at pH = 
6.3 may indicate whether this argument is sound. The relation 
between the Trouton viscosity n E and the loss modulus from 
dynamic rheological measurements at a characteristic time scale 
G"(t* ) can be approximated by (Reiner, 1971): 
Tr • G"(t' ) • t* (3.8) 




— elastic deformation 
Fig. 3.11. Hypothetical representation of the phenomena determining the shrinkage rate 
in the outer layers of a rennet skimmilk gel in the Initial stages of syneresis. 
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elongation and in shear. For rennet-induced milk gels no exact 
information on Tr is available and the assumed value of 3 is 
thus a minimum. G" is assumed to be due to breaking and refor-
ming of bonds rather than to flow of whey through the matrix. 
For G" at slow deformation (t* » 1/u = 150 s) of a gel with pH = 
6.3 at 30 min after rennet addition, 6 N«m~2 was taken (Zoon et 
al., to be published). In the case considered (pH = 6.33, 30 min 
after rennet addition) the Trouton viscosity would thus be 2700 
Pa«s. By using the value for the initial endogenous syneresis 
pressure as the stress a, the deformation in the outer layer 
equals t»o/riE = 0.18. In the corresponding model calculation a 
value of 0.55 was obtained for the deformation in the most outer 
layer at 150 s after starting syneresis. So, visco-elastic 
effects may play a part during several minutes after the onset 
of syneresis. This affects the calculated values of r when 
fitting the shrinkage to power curves. The discrepancy between 
model calculations and experimental results of van Dijk (1982) 
may be explained in the same manner. 
For the calculation of P| with varying r Eq. (3.5) can be 
generalized: 
d(AH/H0) t1"1, n • H02 
( • ?" . (3.9) 
dt r • Q Be 
This equation contains two unknowns, Q and P^ . For Eq. (3.5) Q 
was obtained from model calculations (see Section 3.5). When r 
deviates from 0.5, the numerical parameter Q is likely to be in-
fluenced. This can easily be seen when Eq. (3.9) is written in 
an integrated form: 
n • ff02 a 
= ( )r • (3.10) 
Be - n ff„ 
where a represents the slope in AH = a«tr . It was tried to 
influence the results of model calculations in such a way that r 
> 0.5 would result, in order to check the effect of this on Q 
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and on the difference between the value taken for P| and the one 
calculated. To that end, in the numerical model the maximum 
value for the endogenous syneresis pressure was made to increase 
from 0.27 to 0.80 Pa after 1800 s after starting syneresis (see 
Section 3.2.1.2). Other conditions for the calculation were as 
described in Section 3.5.2. For r a value of 0.57 was obtained, 
while Q was found to be 1.0 (if using the values for the shrink-
age till 300 s after starting syneresis). For f*j according to 
Eq. (3.9), this resulted in values between 0.22 and 0.26 Pa 
(depending somewhat on the time after starting syneresis) 
instead of 0.27 Pa. So, despite the deviation from the propor-
tionality to t° •5 the calculated value of P% only differed from 
the given value to a limited extent. Other model calculations 
resulted in values for r between 0.50 and 0.55 and also yielded 
a 10 to 15 % difference between the given and the calculated 
values of Pj|. Values for r above 0.6 could not be obtained with 
model calculations, thereby leaving part of the question unans-
wered. 
Based on available information, and taking into account the 
limited accuracy of the syneresis measurements, it was decided 
to calculate P% from experimental results under the assumption 
of a proportionality of the shrinkage to t° •5 between 60 and 200 
s after starting syneresis. Although these values may differ 
somewhat from the true values, it is expected that the varia-
tions with varying conditions will not be greatly influenced. 
3.7 Conclusions 
- The endogenous syneresis pressure is determined by processes 
at the level of the paracasein micelles and the strands. It 
should be envisaged as a momentary result of the local 
behaviour of the network and the possibilities for liquid 
flow. Its character is therefore clearly different from, for 
instance, gravitation-induced pressure or mechanical pres-
sure. 
- The initial endogenous syneresis pressure was found higher 
with a higher degree of preconoentration of the milk. This 
44 
Stresses the importance of the distance between reactive 
sites for the formation of new contacts. 
The maximum for the initial endogenous syneresis pressure as 
a function of time after rennet addition depends on pH. At 
pH = 6.33 the maximum was higher and found at an earlier time 
after rennet addition as compared to pH = 6.68. 
By using data obtained from permeability measurements with 
gels from ultrafiltered milk, the permeability coefficient as 
a function of the degree of concentration is underestimated. 
For the one-dimensional case an "end point" of syneresis for 
rennet skim milk gels could not be determined experimentally, 
but it was certainly below the value assumed before in model 
calculations. However, this does hardly influence the shrink-
age rate in the initial stages of the process as calculated 
with the numerical model. 
Experimentally, the exponent in the power curves, which were 
used to describe the shrinkage with time after starting 
syneresis was found to be higher than 0.5 and maybe to depend 
on the age of the gel. This could not be accounted for in 
model calculations which were based on the available rela-
tionships for the change in the pressure and the permeability 
with time and degree of concentration. In the initial stages 
of the shrinkage process the visco-elastic properties of the 
gel matrix may be rate-determining for the shrinkage of the 
outer layers, thereby influencing the course of the shrinkage 
with time. 
Deviations from the proportionality of the experimental 
shrinkage to t° •5 do not necessarily lead to strongly dif-
ferent values for the initial endogenous syneresis pressure, 
as calculated from experimental results. 
More precise information about the rheological properties and 
the change in the permeability with degree of concentration 
would be needed for a more accurate description of syneresis. 
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4 INFLUENCE OF VARIATION IN CONDITIONS DURING RENNETING AND 
COAGULATION ON SYNERESIS 
4.1 Introduction 
Syneresis of rennet-induced milk gels can be influenced by 
several factors, as is experienced during practical cheese-
making. However, quantitative assessment of the influence of the 
separate processing variables is beset with difficulties. An 
overview of the methods employed and the results obtained was 
recently given by Walstra et al. (1985). It was concluded that 
besides mechanically exerted pressure (cutting, stirring and 
pressing) geometrical constraints, pH and temperature are the 
main variables under processing conditions. A wide variety of 
experimental procedures has been used, showing a fair agreement 
on trends but the cause of the observed effects has not yet been 
elucidated. 
In recent years new information about the physico-chemical 
properties of the building blocks, i.e. the paracasein micelles, 
has become available. Variations in experimental conditions were 
found to have an effect on the composition and the internal 
structure of the micellar aggregates (Roefs, 1986; Visser et 
al., 1986). This may influence the intermicellar interaction 
forces. The influence of several variables was mainly studied by 
determining the changes in colloidal properties, such as sol-
vation and zeta-potential, in combination with the determination 
of the changes in the serum phase. Attention was given to the 
influence of: 
- pH (Tarodo de la Fuente & Alais, 1975; Darling, 1981; Snoeren 
et al., 1984; Heertje et al., 1985; Creamer, 1985; Roefs et 
al., 1985; Roefs, 1986; Schmidt & Poll, 1986; van Hooydonk et 
al., 1986a; Visser et al., 1986); 
- temperature (Sood et al., 1976; Pearce, 1976; Darling & 
Dickson, 1979; Darling, 1981; Snoeren et al., 1984); 
- CaCl2 (Dalgleish, 1984; Snoeren et al., 1984; Creamer, 1985; 
van Hooydonk et al., 1986c); 
- NaCl (Ovist, 1979b; Dalgleish, 1984; Gufferty & Fox, 1985; 
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Flg. 4.1. The effect of pH. temperature, added CaClj and added MaCl on some properties 
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A compilation of the observed effects is given in Figure 4.1. 
Primary effects were considered to be changes in: 
- the state of solubilization of micellar calcium phosphate; 
- the negative charge of the casein molecules; 
- hydrophobic interactions inside the micelles. 
As a result changes in the solubilization of the casein mol-
ecules and the binding of ions onto the micelles were found. 
Moreover, also changes in the average micellar diameter and the 
overall micellar charge were detected. However, it should be 
noted that differences were noticed between the behaviour of 
casein and paracasein micelles towards variations in pH (van 
Hooydonk, 1986a). Therefore, caution is needed in extrapolating 
the results obtained with casein micelles to aggregated para-
casein micelles. 
For the influence of variation in experimental conditions on 
the renneting behaviour one should distinguish between the 
effect on the enzymatic and the aggregation reaction. The 
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separate influence of rennet concentration, pH, temperature, 
protein concentration and CaCl2 addition (constant pH) in milk 
was summarized by van Hooydonk & van den Berg (1987). Informa-
tion on the influence of NaCl addition without correction for 
the pH was given by van Hooydonk et al. (1986c). These results 
can for the greater part be explained by the effect of NaCl 
addition on the pH. 
Treating syneresis as an extension of the aggregation proc-
ess, especially the % CMP at the gelation time (as a measure 
for the remaining steric repulsion) and the aggregation rate can 
be considered important parameters. The strengthening of the 
strands under various conditions can play a part, as outlined in 
Section 3.2. For understanding the influence of the mentioned 
factors on the syneresis behaviour, additional information about 
the development of the microstructure and its relation to 
syneresis behaviour was needed. This was obtained by performing 
permeability measurements with non-syneresed gels. By combina-
tion of the results with information about the syneresis rate at 
quiescent conditions for the one-dimensional case, the endoge-
nous syneresis pressure could be calculated. 
4.2 Results and discussion 
4.2.1 Treatment of reconstituted milk 
Variations in the preparation procedure were found to have an 
effect on the renneting properties of reconstituted skimmilk 
(Ramet et al., 1981; Zuraw et al., 1985). Using the milk shortly 
after having dissolved the milk powder resulted in much longer 
clotting times and delayed gelation. Addition of about 1 mM 
CaCl2 or slight acidification led to results, resembling the 
renneting behaviour of fresh milk. An effect on the syneresis 
behaviour of the resulting gels was already noticed by van Dijk 
(1982). Part of the spread in some of his results can probably 
be ascribed to variations in the preparation procedure for the 
reconstituted milk. 
Some experiments were performed to establish a suitable 
preparation procedure for this study. Results for variations in 
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temperature history and in one case addition of CaCl2 are shown 
in Table 4.1. For the permeability coefficient and the initial 
endogenous syneresis pressure the values at 1 hr after rennet 
addition are given. Before this time it was not possible to 
start permeability and syneresis measurements with sample C 
without severely damaging the gel. Further information on the 
change in the permeability coefficient with time after rennet 
addition for samples A,C,E and F is given in Figure 4.2. Also 
some results with uncooled and cooled fresh skimmilk are inclu-
ded. For sake of clearness the results for samples B and D, 
which closely resemble the results of samples A and C respec-
tively, are left out. In all cases the average change in the 
permeability coefficient over five hrs during measurement (and 
thus including any change due to the applied pressure gradient) 
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Fig. 4.2. Permeability coefficient as a function of time after rennet addition. 
Influence of variation in the preparation procedure for the reconstituted milk and 
comparison with fresh milk. Solid lines show the average rate of change during mea-
surement. Dashed lines connect calculated values of Be. pH = 6.7; 500 ppm rennet: 
30 "C; initial pressure gradient = 5 kPa-m-1. A (o), C (0). E (A). F (A), see Table 
4.1 for treatment of these samples, fresh milk (•), fresh milk after overnight storage 
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The results were strongly influenced by the temperature-time 
history. Samples C and D gave higher values for the clotting 
time and the permeability coefficient than sample A. With these 
samples weak gels were obtained. With sample C syneresis started 
only at about 30 min after moistening the surface of the slab 
(= 90 min after rennet addition), with sample D syneresis was 
somewhat delayed. The slow "gelation" of sample C can be infer-
red from Figure 4.2. At 1 and 2 hrs after rennet addition the 
solid lines showed a marked deviation from the dashed line, 
suggesting a relatively small resistance against deformation. 
The increase in dynamic moduli with time after rennet addition, 
as determined with a den Otter rheometer, was also much slower 
for sample C ( Zoon et al., 1988 ). Although the rates for the 
enzymatic and the aggregation reaction were not separately 
determined in this study, the results of van Hooydonk et al. 
(1986b) point to a possible lower reactivity of the paracasein 
micelles in sample C as compared to sample A. This may retard 
the built-up of the endogenous syneresis pressure. Moreover, 
stresses in the network, which are induced by the formation of 
new contacts, may easily relax for a considerable time after 
rennet addition. So, an endogenous syneresis pressure can become 
manifest only after a kind of minimum resistance is attained. 
The higher absolute values of the permeability coefficients for 
samples C and D are indicative for a somewhat coarser gel with 
fewer strength-contributing junctions. The rate of change in the 
permeability coefficient due to rearrangement of strands was not 
affected. 
After keeping reconstituted skimmilk for 24 hrs at 30 °C, an 
affect of prolonged equilibration on the experimental results 
could not be established (see sample B). The effect of cold 
storage (sample F) on the permeability coefficient was about the 
same as in the case of fresh skimmilk. The differences in 
absolute values could for the greater part be ascribed to a 
difference in casein content (2.67 w/w % in the reconstituted 
skimmilk and 2.57 w/w % in the fresh skimmilk). Based on these 
results, the procedure used for sample A was taken as a refer-
ence during this study. 
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By adding 140 ppm CaCl2 to the milk after cooling (sample E), 
the values for the clotting time and the endogenous syneresis 
pressure corresponded with the values found with sample A. This 
must at least be partly due to the slight drop in pH (see 
Section 4.2.3). The permeability coefficient was still higher 
than found with sample A, which may be partly related to the 
lower voluminosity of the particles (Sood et al., 1979; Snoeren 
et al., 1984; van Hooydonk et al., 1986c; see Section 4.2.4). 
Cold storage after equilibration (sample F) resulted in a 
somewhat longer clotting time as compared to samples A, B, D and 
E. Others found a longer rennet coagulation time after cold 
storage (Ovist, 1979; Schmutz & Puhan, 1980). Van Hooydonk et 
al. (1984) detected a lower rate for the enzymic reaction after 
prolonged cold storage and suggested this to be partly due to a 
difference in the content of C02 . This can not have played a 
part in this study, because C02 must have escaped during the 
processing of the skimmilk powder. Still, a slight increase in 
pH was observed. The calculated endogenous syneresis pressure 
was not affected. 
During storage of milk, especially ß- and as 2-casein are 
subject to degradation by plasmin (E.C. 3.4.21.7). This results 
in the formation of Y-caseins and proteose-peptones (literature 
reviewed by Humbert & Alais, 1979; Visser, 1981; Fox, 1981; 
Kitchen, 1985). As mentioned before, a significant change in the 
measured parameters after prolonged keeping at 30 °C (sample B) 
was not found. Also Pearse et al. (1986) did not detect an 
effect of plasmin on the syneresis behaviour of milk gels, 
although considerable breakdown of casein had occurred. However, 
based on results of later experiments the possibility of a small 
influence can not be ruled out (see Section 4.2.3.1). 
4.2.2 Rennet concentration 
Conflicting results have been reported about the influence of 
rennet concentration on syneresis (Sammis, 1910; Wurster, 1934; 
Gyr, 1944; Stoll, 1966; Kammerlehner, 1974; Lelievre, 1977; 
Lelievre & Creamer, 1978; Marshall, 1982). However, a large 
influence of the rennet concentration on syneresis was never 
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detected, which may be due to the masking effect of mechanical 
treatment (Stoll, 1966). The influence of rennet concentration 
on syneresis should be considered in relation to the stage of 
the coagulation process (Kovalenko & Bocharova, 1973; Lelievre, 
1977; Weber, 1984). The latter can, for instance, affect the 
influence of mechanically exerted pressure on gel properties. 
In this study some information on the influence of rennet 
concentration was needed, because in experiments with various pH 
the amount of rennet was reduced at lower pH (see Section 
4.3.2). Experiments were performed at pH = 6.3. The results are 
shown in Fig. 4.3. The maximum percentage of shrinkage after 
five minutes was somewhat higher in case 500 ppm rennet was 
used. Moreover, the maximum was found at an earlier time after 
rennet addition, as can be seen in Figure 4.3a. The effect was 
most pronounced if acidification took place at considerable time 
before rennet addition. This will be further treated in Section 
4.2.3.1. An influence of the rennet concentration on the % 
shrinkage after 30 to 50 hrs was not found (see Figure 3.8). The 
limited effect of the rennet concentration on the permeability 
coefficients can be seen in Figure 4.3b. Slower renneting 
apparently did not result in a coarser network. Considering the 
promotive effect of a higher rennet concentration on the gel 
firming rate (van Hooydonk & van de Berg, 1987), it appears that 
this must mainly be due to a higher number of bonds per junc-
tion. The built-up of the endogenous syneresis pressure was 
markedly retarded with 200 ppm rennet as compared to 500 ppm 
rennet (see Fig 4.3c). This suggests a contact-hindering ability 
of intact ic-casein on not yet fully renneted micelles. This may 
lead to a lower rate in the formation of new contacts between 
existing strands and to a lower number of bonds per junction. 
Thereby, a somewhat lower attainability of the K-casein for the 
rennet enzymes in the aggregated particles is conceivable. In 
the permeability measurements the rate of change in the permea-
bility coefficient with time was found to be slightly higher 
with 200 ppm rennet than with 500 ppm rennet. Although this 
effect is hardly significant, one can think of a shift from 
junctions with a low number of bonds (due to remaining steric 
repulsion) to junctions with a higher number of bonds. 
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Fig. 4.3. Shrinkage {%) after 5 minutes syneresis (Fig 4.3a). permeability coefficient 
(Fig. 4.3b) and calculated initial endogenous syneresis pressure (Fig. 4.3c) for 
rennet skimtnilk gels as a function of time after rennet addition. Influence of acidi-
fication procedure and rennet concentration. pH = 6.34, 30 'c, H_ = 4829 um. Acidifi-
cation and rennet addition: 
acidification 5 min before rennet addition, 500 ppm rennet (o); 
acidification 20 h before rennet addition, 500 ppm rennet (•); 
acidification 5 min before rennet addition, 200 ppm rennet (o): 
acidification 20 h before rennet addition, 200 ppm rennet (•). 
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4.2.3 Acidification 
From practical cheesemaking the stimulating effect of acidi-
fication on syneresis is well known. Also in the literature 
agreement exists on the higher rate of syneresis with a lower pH 
between pH = 7.0 and pH = 5.3, although considerable quantita-
tive differences can be noticed (Walstra et al., 1985). 
Acidification of milk influences the physico-chemical proper-
ties of the casein micelles, primarily due to dissociation of 
OCP and changes in the ionization of the amino acids (van 
Hooydonk et al., 1986b). An overview of some consequences was 
given in Figure 4.1. 
The coagulation rate of the micelles in rennet-treated milk 
is determined by the rate of the enzymic reaction and the rate 
of the aggregation reaction. In milk the initial rate for the 
enzymic reaction was at a maximum around pH = 6.0, whereas the 
rate of the aggregation reaction was found to be higher for a 
lower pH between pH = 7.0 and pH = 5.6 (van Hooydonk, 1986b). It 
should further be noted that the degree of conversion of 
K-casein needed to initiate aggregation was found lower with a 
lower pH. Between pH = 6.7 and pH = 5.6 this value was roughly 
halved (Pierre, 1983; van Hooydonk et al., 1986b). The combined 
influence of pH on the mentioned reactions caused renneting to 
be faster at a lower pH over the whole pH range considered. 
Around pH = 5.2 a transition point was found for the properties 
of the casein micelles (Heertje et al., 1985; Reefs, 1986). The 
consequences for the intermicellar interactions were clearly 
experienced when the rheological properties of the resulting 
gels were examined (Roefs, 1986). The dynamic moduli were at a 
minimum, whereas on the other hand a sharp maximum for the value 
of the loss tangent was observed near pH = 5.2. The latter 
implies easier relaxation of bonds between or within the parti-
cles. At pH = 4.6 an increase of the permeability coefficient 
with time, i.e. microsyneresis, appeared absent. Based on these 
results, Roefs (1986) hypothized that the possibilities for 
syneresis to occur can be coupled to the height of the loss 
tangent. The very weak macroscopic syneresis, even after ren-
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neting, of gels with pH = 4.5 (Sammis, 1910; Emmons et al., 
1959) can serve as support for this hypothesis. 
With experiments on the influence of pH, it was intended to 
draw more light upon the relation between the interparticle 
interactions, the development of the microstructure and the 
syneresis behaviour. 
4.2.3.1 Effect of the acidification procedure 
The experimental procedure needed some adjustment, depending 
on pH. In order to avoid too fast a coagulation, the rennet 
concentration was varied from 500 ppm at pH = 6.67 to 100 ppm at 
pH = 5.05. Above pH = 6.3 the reconstituted skimmilk was acidi-
fied at 30 'C at 5 min prior to rennet addition. Below pH = 6.3 
this was not possible without causing the formation of floc-
cules. Therefore, the milk was acidified after cooling to 2 °C 
on the day before measuring. Because of the variation in the 
acidification procedure, a few experiments were performed at 
pH = 6.33 to establish its influence on the clotting time, the 
syneresis rate, the permeability coefficients and the initial 
endogenous syneresis pressure. 
For the clotting time 205 s was found if acidification was 
carried out shortly before rennet addition, while 260 s was 
found in case acidification took place at the day before rennet 
addition. 
Some of the results of the syneresis and permeability meas-
urements were already shown in Figure 4.3. Further results are 
given in Figure 4.4. In Figure 4.4a it can be seen that the 
initial syneresis rate was higher, if HCl had been added shortly 
before rennet addition. This was most clearly found in the early 
stages of the gelation process. The influence of the acidifi-
cation procedure on the permeability coefficient appeared to be 
rather limited, as is shown in Figure 4.4b. Only with sample D 
markedly higher values for the permeability coefficients were 
obtained. This will be dealt with at the end of this section. 
For sample A the increase of the permeability coefficient with 
time was somewhat higher. As a result of the foregoing, the 
maximum values for the initial endogenous syneresis pressure 
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Fig. 4.4. Shrinkage {%) after 5 minutes syneresis (Fig 4.4a), permeability coef-
ficient (Fig. 4.4b) and calculated initial endogenous syneresis pressure (Fig. 
4.4c) for rennet skimmilk gels as a function of time after rennet addition. Influ-
ence of acidification procedure (HCl). pH = 6.34, 30 'c, H Q = 4829 um. 
Acidification : 
A) at 30 'c 5 min before rennet addition after 23 h 30 'c (o) 
B) at 2 'c 20 h before rennet addition after 3 h 30 'c ( [i ) 
C) at 30 'c 5 min before rennet addition after 3 h 30 'c (•) 
D) at 30 °C 20 h before rennet addition after 20 h 30 'c (A) 
E) at 30 °C 20 h before rennet addition after 20 h 30 "c, aprotinin added (i) 
57 
were found higher and tended to occur at an earlier time after 
rennet addition, if HCl addition had taken place shortly before 
rennet addition: Figures 4.3c and 4.4c. 
The micelles apparently react with some delay after the 
environmental conditions have changed. This may be due to the 
time needed for the change in the mineral content of the parti-
cles, the change in the state of the CCP or the change in the 
conformation of the protein molecules. The calcium ion activity 
changed from 0.55 mM to 0.92 mM shortly after HCl addition. 
After 20 hrs 0.94 mM was found. It should be noted that the low 
value of the calcium ion activity for standard reconstituted 
skimmilk must probably be ascribed to the conditions during 
processing and storage of the skimmilk powder used (Geerts et 
al., 1983). From these results it appears that the relevant 
changes are not directly related to a change in calcium ion 
activity. Changes in the state of the CCP or the conformation of 
the protein molecules must be held responsible, awaiting the 
results of further investigations. Altogether, the longer 
clotting time and the lower values for the calculated endogenous 
syneresis pressure point to a diminishing reactivity of the 
micelles during their adaptation to a sudden change in pH. From 
the available information, it can not be said to which extent 
the observed effect is determined by the separate effects on the 
enzymatic and the aggregation reaction during renneting. The 
strands may possibly have a greater tendency for spontaneous 
breaking as a result of possible internal rearrangement 
processes in the building blocks during the adaptation period. 
This may serve as an explanation for the somewhat greater 
increase of the permeability coefficient with time, in case HCl 
addition was shortly before rennet addition. 
From Figure 4.4b it can be seen that higher values for the 
permeability coefficient were obtained when the milk was ren-
neted 44 hrs after preparation: sample D. If aprotinin, a 
specific inhibitor for plasmin, had been added during prepara-
tion of the milk (see sample E), the values were closer to the 
ones found with the other samples. The suspected activity of 
plasmin was further examined with gel electrophoresis. The 
58 
results indicated about 32 % breakdown of ß-casein at the moment 
of rennet addition (results not shown). The amount of asl-casein 
was hardly affected. In case aprotinin had been added, breakdown 
of ß-casein was reduced to some 9 %. Apparently, the breakdown 
of ß-casein can have a limited influence on the structural 
characteristics of the gel at pH = 6.33. At pH = 6.68 an effect 
of the keeping time at 30 °C on the permeability coefficient was 
not found (see Section 4.2.1). This discrepancy may possibly be 
explained by a pH dependency of the plasmin inhibition by 
aprotinin. In conclusion it can be stated that plasmin may have 
a limited effect on coagulation and syneresis parameters. 
4.2.3.2 pH 
The stimulating effect of a lower pH on syneresis rate can be 
clearly seen from Figure 4.5. The time after rennet addition at 
which the (maximum) rate occurred, is indicated. In case a 
limiting value is given, experiments beyond this point were not 
performed. The maximum value was higher and reached at a earlier 
time after rennet addition over the whole range between pH = 
6.68 and pH = 5.35. The higher syneresis rate with a lower pH is 
qualitatively in agreement with the results from other studies 
(Walstra et al., 1985). Also over longer time scales more 
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Fig. 4.5. Maximum shrinkage (%) after 5 minutes syneresis as a function of pH for 
rennet skimmilk gels. Time after rennet addition at which the maximum was found is 
indicated. 30 "c, H. 4829 um. Acidification: 
at 30 *C 5 min before rennet addition after 20 h at 30 *C, 500 ppm rennet ( ); 
at 2 'c 20 h before rennet addition after 3 h at 30 *C. 200 ppm rennet ( ). 
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Permeability measurements revealed a marked influence of pH 
on the microstructure and changes therein with time, as can be 
seen in Figure 4.6a. I t was checked whether the high ra te of 
increase of the permeability coefficient below pH = 6.0 was 
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Fig. 4.6. Permeability coefficient of rennet skimmilk gels as a function of time 
after rennet addition on a linear scale (Fig. 4.6a) and on a logarithmic scale 
(4.6b). Influence of pH. 30 *C, internal tube diameter = 4.0 mm unless mentioned 
otherwise. Clotting time is indicated (x). 
Acidification: 
at 30 "c 5 min before rennet addition after 23 h 30 "c, 500 ppm rennet ( • ); 
at 2 'C 20 h before rennet addition after 3 h 30 
at 30 'C 20 h before rennet addition after 20 h 30 
internal tube diameter = 2.9 mm ( û ); 
at 2 'C 20 h before rennet addition after 3 h 30 "C, 100 ppm rennet ( • ). 
-
200 ppm rennet (-
200 ppm rennet, 
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of the glass tubes. Repeating the experiment at pH = 5.35, using 
tubes with a smaller internal diameter (3.0 instead of 4.0 mm), 
did not affect the results obtained. It was felt that the 
validity of the results was warranted this way. 
With an experiment at pH - 5.05 a high value for the permea-
bility Coefficient was found, but it hardly changed with time. 
The high values were certainly related to the occurrence of 
visible aggregates already before rennet was added. Still, a 
gel could be formed. The absence of a change of the permeability 
coefficient with time was found in an earlier study with acid 
milk gels (Roefs, 1986), which were formed by slow warming to 
the measuring temperature after acidification in the cold. This 
underlines the existence of a fairly sharp transition from a 
rennet-type gel to an acid-type gel around pH = 5.2 (Heertje et 
al., 1985; Roefs, 1986). At pH = 5.05 and pH = 5.35 an addition-
al increase in the permeability coefficient with time was found 
during measuring. This indicated a low resistance against 
deformation for these gels, which was also found in dynamic 
measurements (Roefs, 1986). 
As stated before, the initial permeability coefficient is 
determined by the spatial arrangement of the strands and the 
size of the building blocks. Van Hooydonk et al. (1986a) ob-
tained a maximum for the voluminosity of paracasein micelles 
around pH = 5.6, which was at least partly caused by the swel-
ling of the particles. A rough estimate of the initial value of 
the permeability coefficient may be obtained by extrapolating 
the known values to the clotting time ( x in Figure 4. 6a ). 
Although the initial spatial arrangement may also be affected by 
pH, the extrapolated values of the permeability coefficient 
coincide with the obtained pH dependency of the voluminosity. 
The possible contribution of swelling to the change in the 
permeability coefficient can be estimated by using the equation 
of Kozény-Carman (Scheidegger, 1960): 
e 3 • <PVB 
(4.1) 
180 • (1-e)2 
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in which e is the porosity and dTS is the volume-surface average 
diameter of the particles. Van Dijk (1982) reasoned that for 
calculations based on geometrical models, such as the Kozény-
Carman equation, a value of 0.5 should be taken for e, because 
of the inhomogeneous character of the system. This conclusion 
was also reached by Roefs (1986) after a more extensive analysis 
of his results on the permeability of acid casein gels. Assuming 
a value of 10 um for dv m , the calculated value of B was roughly 
in agreement with the experimentally determined value for rennet 
milk gels at pH = 6.65 (van Dijk, 1982). According to van 
Hooydonk et al. (1986a), the drop in voluminosity between 
pH = 6.7 and pH = 6.0 is at most 10 %. Under the assumption of a 
corresponding increase in the value for the effective porosity 
and decrease in the value for the effective dv m, the calculated 
value of B would change from 2.8-10'13 to 4.3-10"13 m2 . Rea-
soning along this line, about 50 % of the difference between pH 
= 6.7 an pH = 6.0 can possibly be ascribed to the difference in 
the state of swelling. Also the relatively low value after 
extrapolation at pH = 5.35 can be partly accounted for in this 
way. On the other hand, differences in the initial spatial 
structure to some extent must be held responsible for the 
observed influence of the pH. The roughness of the approximation 
with the Kozény-Carman equation does not allow for a more 
quantitative account for the separate contributions. 
The higher values of the permeability coefficient are partly 
responsible for the higher syneresis rate at a lower pH. As a 
result, the calculated initial endogenous syneresis pressure was 
found higher for a lower pH with a slight dip around pH = 5.75. 
The calculated maximum values for each pH are shown in Figure 
4.7. Again, the time after rennet addition when the maximum 
occurred, is indicated. Where no direct information on the 
permeability coefficient was available, extrapolated values have 




Fig. 4.7. Calculated maximum initial endogenous syneresis pressure as a function of 
pH for rennet skimmilk gels. Time after rennet addition at which the maximum was 
Acidification: 
at 30 'c 5 min before rennet addition after 20 h at 30 "c, 500 ppm rennet (-
at 2 "c 20 h before rennet addition after 3 h at 30 "c, 200 ppm rennet (-
For a hypothetical explanation of the observed effects, 
concerning the rate of change in the permeability coefficient 
with time and the values for the maximum initial endogenous 
syneresis pressure between pH = 6.7 and pH = 5.35 at 30 °C, the 
following phenomena should be taken into account: 
- the rate of the enzymatic reaction, of which the initial 
value is at a maximum around pH = 6.0; 
- the % of CMP removed at the clotting time, which is lower at 
a lower pH; 
- the higher aggregating tendency of fully converted micelles 
at a lower pH, largely due to diminished electrostatic 
repulsion; 
- the higher value of the loss tangent at a lower pH, becoming 
pronounced around pH = 5.7 and very marked at pH = 5.2, which 
is indicative for bonds with shorter relaxation times (van 
Vliet et al., to be published); 
- the voluminosity of the building blocks, for which is lower 
for lower pH between pH = 6.6 and pH = 4.6 with a small 
maximum around pH = 5.6. 
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The explanation for the behaviour of the initial endogenous 
syneresis pressure between pH = 6.7 and pH = 6.0 was already-
given in Section 3.2.1.2. The higher rate of increase for the 
permeability coefficient with time is thought to be related to 
the height of the initial value. Plotting the obtained values on 
a logarithmic scale (see Figure 4.6b), it can be seen that the 
relative effect of pH on the increase of the permeability 
coefficient appeared to be rather limited in the considered 
region. Because of a possible higher number of bonds per junc-
tion with a lower pH, a relatively smaller increase of the 
permeability coefficient with time was expected but not found. 
Between pH = 6.0 and pH = 5.35 the tendency to aggregate 
still becomes greater with a lower pH. However, dynamic measure-
ments showed the loss tangent to shift to a higher value at 
every frequency examined. This coincides with on average shorter 
relaxation times for the strength-contributing bonds. A larger 
potential of possible bonds per junction at a lower pH may be 
counteracted by a higher proportion of not yet removed CMP in 
the early stages of gelation with a lower pH. For that, the 
splitting of the CMP from the particles in the aggregated state 
is assumed to be more difficult. The minimum in the curve for 
the initial endogenous syneresis pressure at pH = 5.75 is 
thought to be directly correlated to the higher value of the 
loss tangent. The change in the relaxation behaviour suffices to 
override the result of the higher aggregating tendency in this 
region. In this respect, the higher degree of swelling of the 
building blocks can play a part. This may lead to a change in 
the contribution of the different types of bonds and thus to a 
shift in the values for the loss tangent. 
At pH = 5.35 the stronger aggregating tendency of the para-
casein particles would again become dominant, despite the 
further increase in the value for the loss tangent. The higher 
aggregation tendency, which is supposed to be primarily due to a 
sharp drop of the electric charge of the micelles in this region 
(Schmidt & Poll, 1986), leads to a high initial endogenous 
syneresis pressure at pH = 5.35. The low rate of increase for 
the gel strength and thus for the strength of the strands 
indicates increased possibilities for bending and formation of 
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new contacts. This contributes to the rapid built-up of a high 
endogenous syneresis pressure. The high rate of increase of the 
permeability coefficient at this pH can not only be explained 
from its high initial value. The aggregating tendency itself 
must contribute significantly to the rate of increase of the 
permeability coefficient. This may go along with a shift from 
junctions with a high amount of remaining CMP to junctions with 
a low amount of remaining CMP. 
4.2.4 CaCl2 
During the early stages of cheesemaking a small quantity of 
CaCl2 (some 1 or 2 mM) is usually added to standardize the 
renneting properties of the milk to a certain extent (van 
Hooydonk & van de Berg, 1987). Addition of CaCl2 leads to an 
increase in the calcium ion activity and a slight decrease in 
pH. The latter is believed to be the primary cause for the 
shortening of the renneting time (van Hooydonk et al., 1986c). 
The rate of the enzymatic reaction is not affected by added 
CaCl2 , if one corrects for pH. So, the higher coagulation rate 
must be ascribed to a higher rate of the aggregation reaction 
(van Hooydonk et al., 1986c). Generally, the shielding of 
charges and the diminished electrostatic repulsion between the 
paracasein micelles are held responsible. The direct binding of 
Ca2 * to negative sites and the increase in the amount of col-
loidal calcium phosphate were considered of primary importance 
for the promotive effect on the aggregation reaction. 
Walstra et al. (1985) have reviewed the literature with 
respect to the effect of added CaCl2 on syneresis. Generally, 
additions up to 10 mM somewhat enhanced syneresis, whereas 
larger additions appeared to have a retarding effect. In most 
cases, the drop in pH was not corrected for. This hinders the 
assessment of the separate influence of added Ca (van der 
Waarden, 1945). Straatsma & Heijnekamp (1987) concluded from 
experiments with a cheese processing simulator that the lower 
moisture content of a Gouda cheese, in case up to 3 mM CaCl2 was 
added before renneting, could only for a small part be ascribed 
to the effect of pH. 
65 
In this study the influence of a limited addition of CaCl2 on 
the syneresis parameters was studied for two values of the pH. 
The change in pH, due to addition of CaCl2, was corrected for by 
adding 1 M NaOH. Acidification by means of HCl was performed at 
30 °C at 5 min prior to the addition of CaCl2 . The results are 
shown in Figure 4.8. 
4.2.4.1 Time of CaCl2 addition 
When CaCl2 was added at 20 hrs instead of 5 min before rennet 
addition to milk at pH = 6.67, a somewhat lower initial shrink-
age rate was found (see Fig. 4.8a). Also the rearrangement of 
the strands apparently was inhibited to some extent, as can be 
seen in Figure 4.8b. For the initial endogenous syneresis 
pressure somewhat lower values were calculated. In general, the 
effect of the moment of CaCl2 addition on the syneresis para-
meters considered was limited. Nevertheless, some remarks 
should be made. At 20 min after the addition of 4.5 mM CaCl2 at 
pH = 6.67 the calcium ion activity was 0.90 mM, whereas twenty 
hrs thereafter a value of 0.80 mM was obtained. The latter is 
somewhat contrary to the effect of a drop in pH on the change in 
the calcium ion activity. Roughly speaking, Ca apparently more 
easily moves out of a casein micelle than goes in. Probably, 
other equilibria are involved in case of CaCl2 addition. 
From the results of van Hooydonk et al. (1986c), which 
pertain to a somewhat different situation, it can not be clearly 
established to which extent the renneting and the aggregation 
reaction may be influenced by the mentioned procedures in our 
case. However, a change in the aggregating tendency in case 4.5 
mM CaCl2 had been added shortly before rennet addition was not 
apparent from the results for the course of the initial endoge-
nous syneresis pressure with time after rennet addition. The 
lower value for dBe/dt may be explained by a faster increase in 
the number of bonds per junction after aggregation. This may 
also retard the built-up of the endogenous syneresis pressure 
and thus counteract a possible higher aggregating tendency. 
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Fig. 4.8. Shrinkage (%) after 5 minutes syneresis (Fig 4.8a), permeability coefficient 
(Fig. 4.8b) and calculated initial endogenous syneresis pressure (Fig. 4.8c) for 
rennet skimmilk gels as a function of time after rennet addition. Influence of CaCl-
addition. 500 ppm rennet unless otherwise indicated, 30 "c, H Q = 4829 um. No CaCl, 
(o), 1.3 mM CaCl2 (A), 4.5 mM CaCl2 (o). 
pH = 6.67, CaCl2 added 5 min before rennet addition (-
pH = 6.67, CaCl, added 20 h before rennet addition (-
PH 6.31. HCl and CaCl- added shortly before rennet addition, 200 ppm renne t ( ). 
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4.2.4.2 Amount of CaCl2 added 
In case CaCl2 was added, the initial shrinkage rate tended to 
be a little higher. This was most pronounced if 4.5 mM was added 
shortly before rennet addition. In that case, the maximum for 
the initial rate was also found at an earlier time after rennet 
addition. The permeability coefficient and its rate of change 
with time after rennet addition were not affected (see Fig. 
4. 8b ). So, the consequences of a lower voluminosity of the 
paracasein micelles due to added CaCl2, as found for example by 
van Hooydonk et al. (1986c), were not reflected in these re-
sults. This may be somewhat surprising, because of the sensitiv-
ity of the permeability coefficient for a small change in the 
size of the building blocks (see Section 4.2.3). Presumably, 
addition of CaCl2 also, causes a slightly less irregular network 
to form. The calculated initial endogenous syneresis pressure 
was found higher only when 4.5 mM CaCl2 was added at pH = 6.67 
and initially also at pH = 6.31 (see Figure 4.8c). 
Again, the results should be explained by a set of counter-
acting processes. Extra Ca enhances the aggregating tendency, 
but also leads to a faster increase in the rigidity of the 
strands, so limiting their moving ability. In the early stages 
after rennet addition the first factor apparently overrides the 
second one, leading to higher values for the initial syneresis 
pressure in case CaCl2 is added. The pressure built-up is also 
hampered at an earlier time due to the faster stiffening of the 
strands. This results in a somewhat earlier maximum. The effect 
of a lower amount of split CMP at the gelation time is assumed 
to be weak. Van Hooydonk et al. (1986c) only detected a small 
difference in the amount of split CMP at the gelation time with 
varying CaCl2 additions. 
4.2.5 NaCl 
Addition of NaCl increases the ionic strength of milk, 
thereby influencing existing salt equilibria. Probably, casein-
bound Ca2 * is exchanged with Na* , resulting in an increased 
concentration of Ca2* in the serum (Dalgleish & Parker, 1980; 
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Parker & Dalgleish, 1981 ). A change in the amount of dissolved 
phosphate, due to the decreasing effect of a higher ionic 
strength on the activity coefficients, was not detected in 
earlier work (Gufferty & Fox, 1985; van Hooydonk et al., 1986c). 
However, the methods used may not have been sensitive enough. 
Added NaCl retards the cleavage of K-casein by rennet enzymes 
in milk (van Hooydonk et al., 1986c) as well as in a model 
substrate (Visser et al., 1980). The effect on the aggregation 
of paracasein micelles is less clear. With small additions (up 
to 50 mM) the aggregation rate sometimes increased with the 
added amount, whereas with larger additions the aggregation was 
markedly retarded (Qvist, 1979b; Gufferty & Fox, 1985; van 
Hooydonk et al., 1986c). It remains to be answered whether the 
lower aggregation rate with higher additions is due to shielding 
of charged groups, which impairs ionic bond formation or to a 
higher steric repulsion by protruding chains of <-casein. Also a 
higher voluminosity of the micelles has been found In case of 
NaCl addition (Creamer, 1985; van Hooydonk et al., 1986c) with 
possibly rearranging and partly dissolving ß-casein (Saito, 
1973). 
Generally, with small additions of NaCl only a limited effect 
on syneresis rate is experienced (Walstra et al., 1985). With 
larger additions (over 300 mM) syneresis was markedly retarded. 
In most cases, changes in the renneting time were not properly 
taken into account, which hindered the clear assessment of the 
effect on syneresis. 
In our case NaCl was added at the time of dissolving the milk 
powder. The pH was corrected to the original value at 30 min 
before rennet addition by adding KOH. Results are shown in 
Figure 4.9. Addition of 100 mM NaCl resulted in a prolonged 
clotting time (1045 s instead of 650 s with no NaCl added), but 
it hardly affected the initial shrinkage rate (Fig. 4.9a), the 
permeability coefficient of the gel and the change therein with 
time after rennet addition (Fig. 4.9b). Under these conditions 
the slower renneting reaction is probably offset by a higher 
aggregation rate. This results in comparable conditions at the 
time of examination. Therefore, the slightly higher dBe/dt for 
100 mM NaCl added may be realistic, being the result of a 
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Fig. 4.9. Shrinkage (%) after 5 minutes syneresis (Fig 4.9a), permeability coefficient 
(Fig. 4.9b) and calculated initial endogenous syneresis pressure (Fig. 4.9c) for 
rennet skimmilk gels as a function of time after rennet addition. Influence of NaCl 
addition. NaCl added at time of milk preparation, pH = 6.68, 30 *C, 500 ppra rennet, 
H n = 4829 urn. No NaCl (o), 100 mM NaCl (•), 300 mM NaCl (•). 
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slightly higher rearranging tendency. With 300 mM NaCl added, 
the clotting time was 2625 s. The lower gel firming rate pre-
cluded measurements before 1.5 hrs after rennet addition. The 
low gel firming rate was also experienced from an extra increase 
in the permeability coefficient during measuring due to the 
applied pressure gradient (dB/dt > dBe/dt). The initial shrink-
age rate was lower and the maximum for the initial shrinkage 
rate occurred at a longer time after rennet addition. The lower 
shrinkage rate resulted partly from a lower permeability coef-
ficient, which can be ascribed to the higher voluminosity of the 
building blocks (Gufferty & Fox, 1985; Creamer, 1985; van 
Hooydonk et al., 1986c). The rate of increase of the permeabil-
ity coefficient with time after rennet addition hardly changed 
with various amounts of NaCl added. The lower aggregating and 
rearranging tendency of the building blocks may be compensated 
for by the lower strength of the junctions, giving rise to 
disruption and an increase in the permeability of the matrix 
already at small stresses. Rheological measurements did not 
reveal changes in the loss tangent with varying NaCl addition 
(Zoon et al., to be published), which does not indicate a change 
in the type of bonds between the building blocks with various 
amounts of NaCl. This points to a lower number of bonds per 
junction in case 300 mM NaCl was added. 
4.2.6 Temperature 
Higher temperatures are known to have a stimulating effect on 
the syneresis of curd. Walstra et al. (1985) gave a brief 
overview of the literature about the effect of temperature, 
showing the same trend as experienced during practical cheese-
making. 
Especially for studies on the microstructural level, one 
should distinguish between the effect of various renneting 
temperatures, which are maintained during syneresis, and the 
effect of a change in temperature after renneting. This is 
necessary in order to distinguish between the influence on the 
initial spatial arrangement and subsequent changes therein. For 
the first case, some results concerning the influence on the 
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syneresis rate, the permeability and the initial endogenous 
syneresis pressure were reported by van Dijk (1982). Higher 
values were obtained with a higher temperature. 
In this study only the effect of a instant change in the 
temperature of the thermostatting liquid at 20 min after rennet 
addition was studied. Calculations, based on penetration theory, 
showed that the temperature difference between the thermostat-
ting liquid and the innermost part of a gel was reduced by a 
factor of 10 within minutes. However, the building blocks of the 
gel network were considered to react with a greater delay to a 
change in temperature. The adaptation may take several hours 
(van den Bijgaart & Walstra, 1988). The results for the maximum 
percentage of shrinkage after 5 min are shown in Figure 4.10. 
The time after rennet addition at which the maximum rate was 
reached is indicated. An almost linear relation with temperature 
was obtained, although this may well be coincidental. The 
maximum initial shrinkage rate was found at an earlier time 
after rennet addition with a higher temperature, except at 
34 °C. From the results in Figures 4.11a and 4.12, it can be 
derived that the latter was caused by the dominating effect of 
dBe/dt. The maximum for the initial endogenous syneresis pres-
% shrinkage after 5 minutes syneresis 
0 20 
Fig. 4.10. Maximum shrinkage (%) after 5 minutes syneresis for rennet skimmilk gels as 
a function of measuring temperature. pH = 6.68, 500 ppm rennet, renneting temperature 
30 'c, changed to measuring temperature at 20 min after rennet addition, H. = 4829 urn. 
Time (h) after rennet addition at which the maximum was found is indicated. 
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sure was found at 1 hr after rennet addition (see Fig. 4.12). At 
20 °C the gels did hardly show any shrinkage. This is in agree-
ment with the results of others (Koestler & Petermann, 1936; 
Gyr, 1944; Kirchmeier, 1972), although during their experiments 
mechanical pressure was involved. 
The permeability coefficients were found to be higher at a 
higher temperature (see Fig. 4.11). The usefulness of an extra-
polation to 20 min after rennet addition is questionable, 
because of the earlier mentioned adaptation processes of the 
particles after a change in temperature. However, between the 
extrapolated value at 30 °C and the constant (and therefore 
unequivocal) value at 20 °C a difference of about 20 % was 
calculated for the permeability coefficient. Using the approxi-
mation with the Kozény-Carman equation (see Section 4.2.3.2) a 5 
% decrease in the effective porosity and a corresponding in-
crease in the value for dvs would cause a 20 % drop in the 
permeability coefficient. The calculated change in the value for 
dv s does not disagree with data on the effect of temperature on 
the voluminosity of the micelles (Walstra, 1979; Darling, 1982). 
So, the effect of a change in temperature on the permeability of 
the matrix can probably be explained by its effect on the 
dimensions of the building blocks. This can also serve as a 
partial explanation for the effect of temperature on the shrink-
age after two days (see Section 3.4), although syneresis had not 
yet come to an end. 
From Figure 4.11a it can be seen that dBe/dt was found higher 
at a higher temperature. At 20 °C the rearrangement of strands 
appears to be blocked. The logarithmic plot indicates that the 
effect on dBe/dt can not be explained by the initial level of 
the permeability coefficient, although the earlier mentioned 
delay in the adaptation of the micelles may have played a 
masking role. The faster increase of Be with time at a higher 
temperature must be caused by easier breaking of bonds and 
disruption of the junctions. This agrees with the higher loss 
tangent, which is found at a higher temperature (Zoon et al., 
1988 ). On the other hand, the rate of increase for the gel 
strength was found higher with a higher temperature in the early 
stages of gelation. As the results of permeability measurements 
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Pig. 4.11. Permeability coefficient of rennet skimmilk gels as a function of time 
after rennet addition on a linear scale (Fig. 4.11a) and on a logarithmic scale 
(4.11b). Influence of measuring temperature. pH • 6.68, 500 ppm rennet, renneting 
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Fig. 4.12. Calculated maximum initial endogenous syneresis pressure as a function of 
measuring temperature for rennet skimmilk gels. pH - 6.68, 500 ppm rennet, renneting 
temperature 30 C, changed to measuring temperature at 20 min after rennet addition, 
H Q = 4829 urn. Time (h) after rennet addition at which the maximum was found is indica-
ted. 
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pointed to a faster decrease in the amount of stress-contri-
buting junctions at higher temperature, this may be interpreted 
as a relatively quick change to junctions with a high number of 
bonds. This would counteract the formation of new contacts 
already in an earlier stage of gelation. This may be held 
responsible for the maximum initial endogenous syneresis pres-
sure occurring earlier at a higher temperature. 
In conclusion, it can be stated that the effect of tempera-
ture on the syneresis rate may for a considerable part be 
attributed to its effect on the permeability of the matrix. 
4.2.7 Fat 
In all the experiments skimmilk was used. Cheesemaking is 
usually done with whole or only partly skimmed milk. Fat glo-
bules are expected to hinder the shrinkage process and must 
finally result in a higher curd volume. Van Dijk (1982) found a 
lower permeability coefficient with a higher fat content, 
although the rate of change in the permeability coefficient with 
time after rennet addition was not affected. 






















10 20 30 40 50 60 
time after rennet addition ( h ) 
Fig. 4.13. Relative remaining height of rennet milk gels as a function of time after 
rennet addition. Influence of fat content. Petri dish method, 500 ppm rennet. 30 "c. 
pH = 6.37, H 0 4807 um. Whole milk with 3.45 * fat (o), whole milk after correcting 
for the volume of the fat fraction (•), skimmilk (x). 
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In this study a long-term shrinkage experiment was performed 
in which a comparison was made between gels from fresh whole 
milk and skimmed milk. The results are shown in Figure 4.13. As 
was expected, a lower shrinkage rate was found for whole milk. 
In order to determine whether fat globules act as more than just 
fillers, the results were corrected for the volume fraction of 
fat. For the density of the fat 920 kg.nr3 was used while for 
the density of skimmilk 1030 kg«m"3 was taken (Walstra & Jen-
ness, 1984). The corrected values are also shown in Figure 
4.13. It appears that the lower shrinkage rate for whole milk 
can not solely be explained by the higher particle volume 
fraction. The permeability is also affected and an effect on the 
endogenous syneresis pressure can not be ruled out. Furthermore, 
the upward pressure exerted on the network by the fat globules 
should be noted. From the available information one can calcu-
late a maximum value of about 0.2 Pa. This is within the order 
of magnitude of the values for the endogenous syneresis pressure 
and should therefore be taken in consideration in the case of 
one-dimensional syneresis under quiescent conditions. 
4.3 Conclusions 
- When using reconstituted milk for renneting and syneresis 
experiments, considerable time at elevated temperatures (say, 
several hours at 30 °C) was needed for equilibration of the 
dispersions. 
- Cold storage of the milk hardly influenced the one-dimen-
sional syneresis rate. Only a slightly coarser network was 
obtained. 
- When studying the effect of rennet concentration on syne-
resis, the consequences of different rennet concentrations 
for the course of the gelation process must be taken into 
account. At a lower rennet concentration the built-up of the 
endogenous syneresis pressure was markedly retarded, possibly 
due to steric repulsion caused by not yet removed CMP. 
- In case of acidification and to a lesser extent also with 
addition of CaCl2, the aggregating tendency of the micelles 
was enhanced if the additions had been made shortly before 
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rennet addition. Presumably, slow re-equilibration processes 
after changed environmental conditions (salt composition, 
conformation of the protein molecules) rendered the micelles 
more stable, leading for example to a longer clotting time 
and slower syneresis. The spatial arrangement of the strands, 
and changes therein with time were hardly affected. 
The observed effect of a lower pH on the syneresis rate could 
for a considerable part be ascribed to the higher permeab-
ility of the gel. The known pH dependency of the voluminosity 
could serve as a partial explanation for the higher permeab-
ility between pH = 6.7 and pH = 5.75. At pH = 5.35 the 
increase in the permeability coefficient with time was 
possibly partly stress-induced, i.e. promoted by the forma-
tion of new contacts between already aggregated particles. 
The existence of a transition point around pH = 5.2 for the 
properties of the casein micelles was also reflected in the 
results of permeability measurements. Between pH = 6.67 and 
pH = 5.35 a higher initial endogenous syneresis pressure was 
calculated at a lower pH with a slight dip around pH = 5.75, 
which is possibly related to a small maximum in the volumi-
nosity of the paracasein micelles around pH = 5.6. 
Addition of CaCl2 (0 - 4.5 mM), with correction for the 
change in pH, was found to have only a limited effect on the 
syneresis rate and the permeability of the gel. The higher 
aggregating tendency is probably offset by a faster increase 
in the rigidity of the strands, thereby only showing a 
limited effect on the calculated initial endogenous syneresis 
pressure. 
A small addition of NaCl (100 mM) did hardly affect the 
considered syneresis and permeability parameters, although a 
somewhat longer clotting time was fond. With 300 mM NaCl 
added clotting and syneresis were delayed. The higher volumi-
nosity of the building blocks can be held partly responsible 
for a lower permeability of the matrix. The values of the 
calculated endogenous syneresis pressure point to a lower 
tendency for the formation of new contacts between particles 
and a lower number of bonds per junction. 
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The promoting effect of a higher measuring temperature on the 
syneresis rate of rennet-induced milk gels was confirmed. The 
permeability coefficient was found higher with a higher 
measuring temperature (20 °C - 34 °C). This can largely be 
explained by the influence of temperature on the size of the 
micelles. For the one-dimensional case in the absence of 
mechanical pressure syneresis did not occur below 20 °C. 
Higher measuring temperatures resulted in a higher endogenous 
syneresis pressure up till 30 °C. Presumably, an increased 
rate of strengthening of the strands and enhanced possibi-
lities for relaxation of the endogenous pressure (lower loss 
tangent) caused a levelling off for the maximum value of the 
pressure above 30 °C. 
The presence of fat globules retarded the shrinkage of 
rennet-induced milk gels. This must be explained by a combi-
nation of a higher particle volume fraction and a lower 
permeability of the matrix. In the absence of mechanical 
pressure also the upward pressure exerted on the matrix by 
entrapped fat globules may contribute to the observed effect. 
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5 INFLUENCE OF MECHANICAL PRESSURE ON SYNERESIS 
5.1 Introduction 
During cheesemaking mechanical pressure, i.e. pressure due to 
mechanical treatment, is exerted on curd or curd particles by-
cutting, stirring, draining and pressing. The importance of 
mechanically exerted pressure, which may range from a few Pa to 
several kPa on the rate and the extent of syneresis is easy 
conceivable, considering the low value of the endogenous syne-
resis pressure ( 0 - 3 Pa) (van Dijk et al., 1979; van Dijk, 
1982). The prominent role of mechanical treatment, whether 
exerted by stirring the curd whey mixture (Thomé et al., 1958; 
Lawrence, 1959; Stoll, 1966) or by taking the curd out of the 
whey (Sammis et al., 1910; Gyr, 1944; Thomé et al., 1958; 
Lawrence, 1959; Berridge & Scurlock, 1959) was recognized but 
little effort has been spent in quantification of the effect. 
The aim to mimic more or less the conditions in the cheese vat 
has frequently resulted in standardized cutting and stirring 
procedures during experimental studies on syneresis (Marshall, 
1982; Pearse et al., 1984), but without giving extensive atten-
tion to the pressures involved and their contribution to syne-
resis. Several of the measuring methods used involved cutting 
and stirring as well as drainage of the curd whey mixture. 
Mechanical forces exerted are clearly different for the subse-
quent treatments. During cutting and stirring, collisions of 
curd particles and velocity gradients result in irregular local 
variations of the exerted pressure. Thereby, the rate of mois-
ture release is also indirectly affected due to an increase in 
the area of the surface exhibiting syneresis ( Sammis et al., 
1910; Wurster, 1934; Koestier & Petermann, 1936; Thomé et al., 
1958). The increase in the syneresing surface area is also 
expected to depend on the applied cutting and stirring rate and 
on the rheological properties and the microstructure of the 
particles, hence on experimental conditions. During draining of 
the curd whey mixture, the rate of whey expulsion is predomi-
nantly governed by the, more or less constant, pressure due to 
the weight of the curd layer, the dimensions of the pores 
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between the curd particles and changes therein due to deforma-
tion of the particles. Also this process is governed by the 
exerted pressure in relation to the rheological properties of 
the particles and thus dependent on the composition (water 
content, pH) and on poorly defined parameters such as size and 
inhomogeneity (Walstra et al., 1985). Taking into account the 
foregoing considerations, it is clear that quantitative experi-
mental information about the effect of mechanical pressure in 
relation to the microstructure of the curd should be obtained 
from model experiments. 
In this chapter the influence of mechanical pressure on the 
rate of shrinkage for the one-dimensional case, as measured with 
an extended microscope method (see Section 2.2.2), will be 
highlighted. First a few remarks will be made on the method 
itself and on the general characteristics of the results ob-
tained. Attention is given to the influence of mechanical 
pressure for various pH, measuring temperature and degree of 
preconcentration. Furthermore, the experimental procedure 
offered possibilities for the interpretation of the results in 
light of existing theories for the compression of structured 
dispersions. These will be treated briefly in Section 5.5. Based 
on these theories, some structural characteristics of the gel 
can be derived from the available experimental results. 
5.2 Some general remarks on the experimental results 
5.2.1 Course of the shrinkage with time after load application 
Because some time was needed to moisten the surface of the 
curd slab, pressure was always applied at 60 s after starting 
syneresis (see Section 2.2.2). The filter plate was carefully 
placed on top of the gel by hand. At that time some shrinkage 
had already occurred in the upper layers, resulting in an 
inhomogeneous system at the moment pressure was applied. This 
first minute shrinkage depended on experimental conditions, i.e. 
more shrinkage with a lower pH and a higher measuring tempera-
ture (see Chapter 4). 
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Fig. 5.1. Shrinkage of rennet skimmilk gels as a function of time after load appli-
cation, as measured with the microscope method. 500 ppm rennet, pH = 6.68. 30 'c. 
syneresis started at 30 min after rennet addition, mechanical pressure (Pm) applied 
60 s thereafter. The pressure (Pa) applied is indicated. 
The large effect of mechanical pressure on syneresis rate, which 
in a qualitative sense has already been shown by van Dijk et al. 
(1979) and van Dijk (1982), was confirmed by these results. The 
effect was found relatively smaller with higher pressures. The 
shrinkage in the initial stages after load application (during 
10 to 15 min) was found to be proportional to the square root of 
time after load application (/(t-60)). Generally, the deviation 
from the initial proportionality after starting syneresis was 
still small at 15 min after starting syneresis. Upward as well 
as downward deviations were noticed (see Section 5.5.4). Extra-
polation of the results to the time of load application, in 
order to calculate the absolute shrinkage, was considered 
allowable. Although the calculated slopes were somewhat lower 
than in the case where the pressure was applied at the moment of 
starting syneresis, the calculated slopes can certainly be used 
as a measure for the influence of mechanical pressure with 
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slope 1 slope 2 
/T6Ö 
Fig. 5.2. Schematic representation of slope 1 and slope 2 as used for the description 
of the effect of mechanical pressure on one-dimensional shrinkage of rennet skirarailk 
gels, t = time after starting syneresis (s). 
various experimental conditions. Nevertheless, it was tried to 
approximate the value of the slope when pressure would have been 
applied at the moment of starting syneresis (see Section 5.3). 
To that end, superposition was applied. The shrinkage during the 
first 60 s after starting syneresis was subtracted from the 
total shrinkage (= shrinkage during the first minute + shrinkage 
after load application). By plotting the resulting shrinkage 
against /(t-60), the slope was recalculated and the slope due to 
endogenous syneresis pressure was added; in this way the slope 
in case of load application at the moment of starting syneresis 
is approximated (see Fig. 5.2). Generally, a 3 to 6 % higher 
value was found as compared to slope 1. 
5.2.2 Contact surface 
During preliminary experiments it appeared that the glass 
filter plates left a clear "fingerprint" on top of the gel after 
its removal at the end of an experiment. A possible influence on 
the shrinkage rate was examined by attaching filter paper to the 
surface of the glass filter plate before placing it on top of 
the gel (see Section 2.2.2.2). The calculated slopes, when the 
shrinkage was plotted against /(t-60), are listed in Table 5.1. 
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Table 5.1. Influence of the glass filter plate contact 
surface on the initial shrinkage rate of 
rennet-induced skimmilk gels. 500 ppm rennet, 
pH = 6.68, measuring temperature 30 °C. Micro-
scope method, syneresis started at 30 min 
after rennet addition, mechanical pressure 









27 33.1 (33.9-32.2) 
62 44.3 (44.0-44.5) 
39.1 (37.8-39.6-39.8) 
50.3 (48.1-52.5) 
slope 1 = (AH-Aff(t=60))//(t-60)), see also Fig. 5.2 
t = time after starting syneresis 
By using filter paper, clearly higher shrinkage rates were 
found. A possible explanation for the observed effect is shown 
in Fig. 5.3. Without filter paper the distribution of the 
pressure is considered to be more uneven. The average distance 
to a pore, through which the whey can drain off, is larger in 
the absence of filter paper. Moreover, local compression in the 
contact area between the pores can occur in such case. This 
effect is somewhat counteracted by the limited shrinkage and 
thus a higher permeability in the "lifted" parts of the gel. It 
was decided to use filter paper to ascertain an even pressure 
distribution and an unhindered outflow of the whey as much as 
possible. 
Cutting the gel from the side-walls before starting the 






^ / t 1 —filter paper 
Fig. 5.3. Presumed streamlines of liquid flow from 
without and with filter paper present. 
gel after load application. 
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5.3 Results with various pH and temperature 
Since pH and temperature are important variables for the 
release of moisture during practical cheesemaking, the influence 
of mechanical pressure with respect to various pH and measuring 
temperature was studied in more detail. The pH was varied by 
adding HCl to the reconstituted skimmilk at 5 min prior to 
rennet addition. If the measuring temperature was different from 
the renneting temperature, it was changed 20 min after rennet 
addition. Average values of slope 1 and slope 2 are shown in 
Table 5.2. Also the shrinkage during the first minute after 
starting syneresis, estimated by assuming a square root propor-
tionality also in the absence of mechanical pressure, is indi-
cated. A higher value for the slopes was found for a lower pH 
and a higher measuring temperature. This is in accordance with 
results from experiments without mechanical pressure, which 
were already discussed in Chapter 4 (see also van Dijk, 1982). 
For variation of pH as well as measuring temperature, varia-
tion in rheological properties with conditions may play a part 
when mechanical pressure is applied. Especially the change in 
the concentration profile through the slab during syneresis may 
be influenced. No direct information is available but some 
interesting remarks can be made after comparison with results 
from model calculations by using Eq. (3.5). For experiments with 
mechanical pressure the shrinkage rate, Be, P {= P° + P^ ) and 
the viscosity r\ are known. The agreement with model calculations 
can be evaluated by determining Q. Results of calculations for 
Q, using slope 2 from Table 5.2, are shown in Table 5.3. Also 
the values of the initial permeability coefficient and the 
viscosity of the whey are indicated. 
Depending on the experimental conditions, the calculated 
values of Q more or less deviate from 0.55, the value which 
indicates a perfect fit with the experimental results. For 
values above 0.55 the experimental shrinkage rate was higher 
than the rate according to model calculations, while the oppo-
site applies to cases where Q is found to be less than 0.55. A 
deviation of 0.1 in Q coincides with a difference of about 18 % 
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Table 5.3. Influence of various pH and measuring tempera-
ture on the value of Q as calculated with Eq. 
(3.5): Q = (slope 2) • /(n/(P • Be). The values 
for Be, n and P% were determined in separate 
experiments. 
Q for various 
pH 1013*Be 103*n F% mechanical pressure (Pa) 













































Results of model calculations (see Section 3.5.1) have shown 
that differing values for Q with various experimental conditions 
must be explained by differences in the course of the permea-
bility coefficient with time in the outer layers. A low value 
for Q indicates that the outer layers become less permeable as 
according to model calculations. This can result from a larger 
decrease of the permeability coefficient with the degree of 
shrinkage than is assumed in the trial function (exponent > 
3.0) or from structural collapse of the matrix in the outer 
layers under the applied load. Considering the different values 
of Q for various pressures, the latter certainly contributes. 
The effect is most pronounced at pH = 6.68, where indeed the 
moduli of the gel at the time of pressure application are lowest 
(van Dijk, 1982; Zoon et al., to be published). 
5.4 Gels from preconcentrated skimmilk 
In gels from ultrafiltered skimmilk the initial porosity is 
lower. This is likely to correspond with a higher number of 
stress-carrying interparticle links per unit area. So, a larger 
resistance against structural collapse of the matrix under an 
applied load is expected. Furthermore, some experiments were 
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performed to enable a further evaluation of the results in light 
of existing theories for the compression of porous media. 
Use was made of skimmilk, which was preconcentrated to 1.0, 
0.75 and 0.6 times the original volume. Measurements were 
started at 30 min after addition of 500 ppm rennet at 30 °C. Two 
values of the pH were examined: pH = 6.68 and pH = 6.33; acidi-
fication was done 5 min prior to ultrafiltration by addition of 
HCl. All measurements were carried out at 30 °C. The calculated 
slopes are listed in Table 5.4, while the calculated values of Q 
are shown in Table 5.5. The absolute shrinkage rate was found to 
be higher at lower pH, higher pressure and higher i. The shrink-
age rate as a function of i will be further treated in Section 
6.5. 
Calculated values of Q were found higher with lower i. 
Apparently, the outer layers remain more permeable than assumed 
in model calculations, the more so with lower pressure and lower 
i. In rheological measurements higher values for the moduli were 
found with lower 1. As a result of the higher number of stress-
carrying interparticle links per unit cross-sectional area, the 
force per link will be lower. This may retard structural 
Table 5.5. Influence of various pH and degree of precon-
centration on the value of Q as calculated with 
Eq. (3.5): Q = slope 2 • /( n/(P • Be)). The 
values for Be, n and P^  were determined in 
separate experiments at 30 °C. 
Q for various 
1 1013 *Be 103 * 1 Pj; mechanical pressure ( Pa ) 
(m2) (Pa-s) (Pa) 8 27 62 
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collapse under an applied load and result in a relatively more 
open outer layer with lower i. Further attention will be paid to 
this aspect in Section 5.5.4 after having considered existing 
theories for the compression of porous media. 
5.5 Application of existing theories for compression 
Separation of whey from a casein network under the influence 
of mechanical pressure can be treated as a compression process. 
The experimental setup for measuring one-dimensional syneresis 
enables evaluation of the results in the light of existing 
theories. 
5.5.1 Terzaghi model 
A compression process may be better understood by reference 
to the piston-spring analogy of Terzaghi (e.g Terzaghi, 1965) in 
the field of soil mechanics. This is depicted in Fig. 5.4. In 
(a) a spring is immersed in a cylinder filled with water. A 
frictionless piston with a closed stopcock has been placed in 
the cylinder and loaded with a load P. The piston cannot descend 
and the liquid pressure P1 is equal to the applied pressure. If 







load carried , 
P - 0 by water 
load carried 
by spring P = 0 
P' = P 
P = 0 
P l= Pl 
P =P-P l 
Pl = 0 
Pe=P 
Fig. 5.4. The Terzaghi model, explained by a frictionless piston in a cylinder with 
water, a spring, a stopcock and a load. 
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(c) the liquid pressure is P1 and the spring carries the load 
P - P1 . The final equilibrium condition is shown in (d), where 
the spring is carrying the total load P. 
The major flaw in this analogy is the even liquid pressure 
throughout the height; one-dimensional syneresis of rennet 
skimmilk gels begins at the top of the gel and gradually prog-
resses inward, which results in an uneven pressure distribution. 
Nevertheless, the analogy may serve as an illustration for a 
better understanding. 
The fundamental equations for the description of the 
compression of porous media with time after load application 
according to Terzaghi, e.g. as summarized by Shirato et al. 
(1986) and Leclerc & Rebouillat (1985), are based on the fol-
lowing assumptions: 
- the pores are completely filled with liquid; 
- unidirectional liquid flow and compression; 
- the properties of the solid do not change with pressure, i.e. 
the coefficients of compressibility and permeability remain 
constant in the aggregate. 
Applying this theory to rennet milk gels poses the problem of a 
weak and highly porous three-dimensional network, which certain-
ly causes the porosity and thus the permeability to depend on 
the state of stress already in an early stage of the shrinkage 
process. The compressibility coefficient, obtained in the 
approach according to Terzaghi, will certainly depend on time 
and state of strain during syneresis of milk gels. Therefore, 
this approach was abandoned, although the piston-spring analogy 
can be used as an easy to understand illustration of the changes 
in the liquid pressure during shrinkage of a porous medium under 
an applied load. 
5.5.2 A model for elastic disperse systems 
Evaluation of the experimental results with a theory for 
compression of elastic disperse systems, developed by De Jager 
et al. (1963), seemed worthwhile, although visco-elastic beha-
viour is not accounted for in this theory. It was originally 
developed to determine the specific surface of the network phase 
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based on the results of compression experiments and calculating 
the permeability of the system with the Kozény-Carman equation. 
It is considered that the liquid flow rate out of the system, 
when it is unilaterally compressed, is determined by the perme-
ability coefficient and the elastic modulus of the solid phase. 
A schematic drawing of system and the notations, that are 
used to describe its state of deformation, are shown in Figure 
5.5. It is assumed that the network consists of incompressible 
solid particles, while the pores are filled with an incompres-
sible Newtonian liquid. After load application, the state of 
stress is the same in every point of a horizontal section and 
the Darcy equation is strictly valid. The network deformation as 
a function of time is described by a Lagrangian coordinate a. 
According to De Jager et al. (1963), the behaviour of the 
system during shrinkage can be described by: 
a. the equation of continuity for the liquid 
6 ôv ôa ôe 
[— ( e . V i ) + E . _ l ] . _ - _ (5.1) 
6a 6a ôx 6t 
Vj = mean velocity of liquid with respect to the network 
(m-s-1 ) 
vs = mean velocity of the solid particles with respect to 
the cylinder (m^s"1 ) 
e = porosity 
b. the equation of continuity for the solid 
6x 1 - e0 (5.2) 
6a 1 - e 
where e0 is the initial porosity. After differentiation with 
respect to t, resulting in: 
&ve öa 6 e 
(1 - e) - . — = (5.3) 





liquid flowing out 
x(a,\ 
i Hit) 
t = 0 
Fig. 5.5. The notations as used in the model for the compression of elastic disperse 
systems (de Jager et al., 1963). 
Adding Eq. (5.1) and Eg. (5.3) results in: 
6a 
(5.4) 
Introducing the strain X^(a,t) of the solid matrix yields: 
6x E. - E 
l(a,t) - l - (5.5) 
6a 1 - E 
Differentiation with respect to t yields a relation known 
from the theory of elasticity: 
6^ ^ 6Ç 
ôa ôt 
(5.6) 
c. the equation of motion for the liquid 
B(e) 6P1 
(5.7) 
n • e 6x 
In our case, the relation obtained with gels from preconcen-
trated skimmilk can be used for B(e). The change of the 
permeability coefficient with time after rennet addition is 
neglected as only the initial shrinkage rate will be eval-
uated. So we may write: 
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B(e) = B(ç) = Be - (1 - ç)3 (5.8) 
Transforming to the Lagrangian variable a and using Eq. 
(5.2), Eq. (5.7) becomes: 
1 - e0 B(e) ÔP1 
• v1 = • (5.9) 
1 - e n • e 6a 
d. the equation for the equilibrium of forces 
Referring to the piston-spring analogy, we may write: 
ÔP* ÔP1 
+ = 0 (5.10) 
ôa 6a 
P1 = pressure on the liquid phase (Pa) 
P* = pressure carried by the solid matrix (Pa) 
e. the stress-strain relation for the network 
As a simplification, it is assumed that the solid matrix 
behaves purely elastic: 
P* = P(Ç) (5.11) 
This means that any increase of P6 results in immediate 
compression without a time lag; the resistance of the matrix 
against deformation is assumed to be not rate-determining. 
The square root proportionality of the shrinkage vs. /(t-60), 
in case mechanical pressure was applied, supports this 
assumption. Actually, compression is a slow process due to 
the limited possibilities for liquid flow. This is accounted 
for with the relationship between the permeability and the 
degree of concentration. 
The foregoing equations result in the differential equation for 
the strain z,(a,t): 
ôç 6 B(Ç) 1 <3P* 6C 
— = — [ • . - — ] (5.12) 
6t 6a n i - ç dç 6a 
the differential equation for the pressure on the solid phase: 
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ÔP6 dP° 6 B(C) 1 ÔP* 
= • — [ - • ] (5.13) 
ôt dC ôa n 1 - ç ôa 
and the differential equation for the pressure on the liquid 
phase: 
ÔP1 (H* 6 B(Ç) 1 ÔP1 
= . [ . . ] (5.14) 
ôt dC 6a n 1 - ç 6a 
To simplify the solution of these nonlinear differential equa-
tions with the unknown factor dP/dC, de Jager et al. (1963) 
linearized Eq. (5.12), thus assuming that the product of 
B(C)/(1-Ç) and dP'/dÇ can be represented by a constant, which is 
called A. As a result Eq. (5.12) becomes: 
ÔÇ A 62C 
— = — • (5.15) 
ôt n 6a2 
A has the dimension of force and, according to De Jager et al. 
(1963), it describes the breaking strength of the links between 
neighbouring particles. Application of this theory is restricted 
to cases where A is constant, i.e. compression should not result 
in irreversible breaking of links between the particles. 
For the stress-strain relation we then can write: 
dP* 
(5.16) 
dç Be (1 - ç) 2 
Integration with the condition P"(ç = 0) = 0 results in: 
A 1 
PMC) = . *(ç) with $(ç) = - 1 (5.17) 
Be 1 - ç 
Furthermore, for the initial stages of shrinkage it was shown 
that: 
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AH = 2 • V • / . /t (5.18) 
Two compression tests with different pressures result in two 
values for the slope when the shrinkage is plotted against /t. 
In the upper layer t>1 = ç* for P1 and ç2 = ç* for P2 . While A is 
considered independent of the pressure, the following relation-
ship applies: 
P, »(CD 
— = (5.19) 
p2 * « ; > 
The values of C* and ç* can be determined graphically (see De 
Jager et al. 1963) or numerically (this study) for a given value 
of Px/P2 • A can then be obtained from Eq. (5.18) and Be from Eq. 
(5.17). Whether A is constant can be determined from measure-
ments with different combinations of Px and P2 or by using milk 
with varying degree of preoonoentration. The latter can only 
serve if preconcentration does not affect the average thickness 
of the strands, something which is questionable for rennet 
skimmilk gels. In the case of preconcentration, the coarseness 
of the network may be affected and this may have a direct 
influence on the average interparticle breaking strength (see 
Chapter 3). 
The calculated values of Be can be compared with the experi-
mentally determined values. This can provide information about 
the validity of the calculated characteristics, despite the 
neglect of the visco-elastic character of rennet skimmilk gels. 
5.5.3 Results of calculations with experimental data 
A and Be were calculated from the available experimental 
results, as outlined in the previous section. Calculations have 
been made with slope 2 (see Tables 5.2 and 5.4). Px and P2 were 
obtained by summating the applied mechanical pressure and the 
initial endogenous syneresis pressure, despite the difference in 
was taken 0.9, 0.85 an 0.8 for i = 1.0, i = 0.75 and 
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i = 0.60, respectively. The results for various pH, temperature 
and degree of preconcentration are listed in Table 5.6. 
From these results it appears that the direct applicability 
of the outlined theory is limited: 
- A is not all the same for various pressure combinations; 
- the strain ç* for a certain pressure depends on the pressure 
combination considered, even resulting in clearly erroneous 
values. 
This must be ascribed to the visco-elastic properties of rennet-
induced milk gels. Moreover, changes in the properties of the 
network may occur as a result of compression, for example 
thickening of strands. So it must be concluded that the assump-
tions for the linearization procedure, which resulted in the 
parameter A, do not hold for rennet skimmilk gels. 
Nevertheless, some interesting remarks may be made on the 
results in Table 5.6. Calculated values for A range from 1.7 to 
8.9-10"12 N for non-preconcentrated skimmilk, depending on 
experimental conditions. By a rough calculation based on the 
macroscopic breaking stress, Walstra et al. (1985) arrived at a 
value of about 10"11 N. This is not at variance with the present 
results. A higher value of A was obtained with a lower pH in all 
cases. In Section 3.2.1.2, it was argued that this can probably 
be ascribed to a higher number bonds per junction. A was found 
lower with a lower i, the opposite of what was expected. An 
explanation can not be given, although invalid assumptions must 
at least be held partly responsible. The calculated values of A 
were hardly influenced by the measuring temperature. As the 
temperature had been changed only 10 min before pressure appli-
cation, the higher gelation rate and thereby the increase in the 
strength of the interparticle links, can still be offset by 
shrinkage of the building blocks (Zoon et al., 1988). 
The values of Be (model) agreed with the experimentally 
determined values within an order of magnitude. Be (model) was 
generally found lower with higher pH, lower measuring tempera-
ture and lower i. All this is qualitatively in agreement with 
results from direct determinations of the permeability coef-
ficient. 
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Based on the results, a compression modulus K (or better a 
negative elongation modulus) could be calculated. This was 
possible by using Eq. (10) in Kamphuis et al. (1984), omitting 
the relaxation term 
dP 1 
— = (P • (1 - Ç) + 2 • K • (1 - e0)) - (5.20) 
d£ (1 - t, ) 2 
For small variations around c = e0 the first term on the right 
hand side can be neglected. Combination with Eq. (5.16) ultima-
tely results in 
Be . (1 - e0) 
(5.21) 
Values of K, as obtained with Be (calculated), are also 
listed in Table 5.6. The results for K can be compared with the 
values for the shear modulus as obtained from dynamic Theo-
logical measurements. Reserve with respect to this comparison 
should be exercised for several reasons. The frequency to be 
considered is uncertain; deformation outside the linear region 
may occur during syneresis measurements; the relation between 
the elongation and the shear modulus is uncertain; and the 
applicability of the theory of de Jager et al. (1963) is ques-
tionable, as discussed above. When measured at 30 °C with a 
frequency of 1 rad•s~x, the values of the storage moduli ranged 
from 30 N-nr2 at i = 1 and pH = 6.68 to 300 N-nr2 at i = 0.6 
and pH = 6.33 (Zoon, personal communication). The effect of pH 
on the calculated K is in line with the effect on the shear 
modulus. For the influence of the degree of preconcentration and 
measuring temperature such agreement is not found; especially 
the lower K for a lower i is highly suspicious. 
5.5.4 Same remarks concerning visco-elastic systems 
In case of a visco-elastic system, such as a milk gel, 
breaking of strands (i.e. stress relaxation) may affect the 
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liquid outflow during compression under an applied load. Refer-
ring to the piston-spring analogy (see Section 5.5.1), stress 
relaxation in the solid matrix will result in a partial "return" 
of the pressure on the liquid phase. One may try to account for 
the visco-elastic character of a system by adjustments in the 
outlined theory. This would need detailed information about the 
relaxation spectrum and complicated adjustment of the equations. 
A simplified approach was introduced by Kamphuis et al. (1984), 
who used a Maxwell-type model. Theoretically, it was shown that 
the consequences of stress relaxation for the square root 
proportionality between the shrinkage and time depend on the 
applied pressure in relation to the rheological parameters of 
the network, i.e. the compression modulus and a single relaxa-
tion time. The main factor of interest was found to be: 
L = P / ((1 - e0) .JO (5.22) 
For L << 1 an upward deviation of the initial slope of the 
shrinkage vs. /t may be expected, whereas for L >> 1 an downward 
deviation should be found (see Figure 5.6). The extent of the 
deviation depends on the value for the single relaxation time 
that is used in the Maxwel 1-model. At relatively low pressures 
the liquid-pressure gradient will overwhelm the decrease of the 
permeability in the outer layers, which results in an upward 
Fig. 5.6. Illustration of the theoretical effect of stress relaxation in the solid 
matrix on the course of shrinkage with time for a structured dispersion in compres-
sion. After Kamphuis et al. (1984). See text for further explanation. 
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deviation from the initial proportionality with Jt. For the 
opposite situation, stress relaxation results in the formation 
of a poorly permeable skin, resulting in a downward deviation. 
For a rennet skimmilk gel with K = 100 N-nr2 and e0 =0.9 the 
critical value for P, i.e. the value at which L = 1, is 10 Pa. 
The results of syneresis measurements were reevaluated with 
respect to the foregoing. An overview of the relative deviations 
from the initial proportionality at 15 min after load applica-
tion is given in Table 5.7. As stated before, deviations from 
the initial proportionality were small. However, network-stress 
relaxation may have occurred unnoticed. Measurements only start 
at about one minute after load application and at that time the 
change in liquid flow rate possibly has already taken place. 
Furthermore, in reality one has to deal with a spectrum of 
relaxation times, instead of a single value as was the case in 
the considered Maxwell approach. Consolidation of the upper 
layer may flatten the response of the shrinkage rate and can 
result in a new region, where approximately a square root 
proportionality is found. This explanation was given for the 
behaviour of a dispersion of glyceryltristéarate crystals in 
paraffin oil (Kamphuis et al., 1984). 
Based on the results in Section 5.3 and Section 5.4, it was 
already concluded that structural collapse of the outer layers 
possibly influences the one-dimensional syneresis rate of 
rennet-induced skimmilk gels under an applied load. The observed 
differences between the measured and the calculated initial 
shrinkage rates are qualitatively in agreement with the conse-
quences of stress relaxation in the outer layers. High values of 
Q (see Table 5.3 and Table 5.5) may be partly explained by the 
applied pressure being still below the critical value. 
During practical cheesemaking the above mentioned phenomena 
are expected to play a part during cutting and stirring, but the 
exertion of pressure then is generally discontinuous. During 
pressing the effect may be more prominent as pressure is exerted 
continuously. Recently, attention has been paid to this by 
Straatsma & Heijnekamp (1987). They studied the effect of pres-
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'shown that the height of the pressure had hardly any effect on 
the moisture content of the resulting cheese. The highest mois-
ture loss was even found in case no pressure was applied. The 
effect of a higher pressure was offset by the formation of a 
more condensed skin. Speaking in physical terms, stress relaxa-
tion in the curd matrix is probably the explanation for the 
observed effect. 
5.6 Conclusions 
- Accurate and reproducible measurements on the influence of a 
constant mechanical pressure on the syneresis rate of skimmilk 
gels could be carried out for the one-dimensional case. 
Pressure was applied with highly permeable glass filter plates 
at 60 s after starting syneresis. The shrinkage was propor-
tional to the square root of time after load application. For 
the examined regions of pH (6.3 - 6.7) and measuring tempera-
ture (30 - 34 °C), the shrinkage rate was higher with higher 
pressure (0 - 62 Pa), lower pH and higher temperature. 
- The experimentally obtained shrinkage rates deviated from the 
results of calculations with the model of van Dijk (1982). 
Obtained results indicated that the course of the shrinkage in 
the outer layers during the initial stages of syneresis was 
dependent on experimental conditions. This was supported by 
results with preconcentrated skimmilk. Observed differences 
between measured and calculated shrinkage rates were qualita-
tively in agreement with the consequences of stress relaxa-
tion, i.e. structural collapse of the matrix under an applied 
load. 
- Experimental results were evaluated with an existing theory 
for the compression of an elastic disperse system, which 
allowed calculation of the permeability coefficient from 
results of two syneresis measurements with different pres-
sures. Although the applicability of the theory was limited, 
the calculated values for the initial permeability coefficient 
were reasonably in line with experimentally obtained values. 
The breaking strength of interparticle links was calculated to 
be 2 to 9 • 10"12 N, depending on experimental conditions. 
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6 SOME ASPECTS RELEVANT TO PRACTICAL CHEESEMAKING 
6.1 Introduction 
Several processes are involved with the curdling of milk 
during practical cheesemaking, i.e. souring of the milk and 
addition of CaCl2, renneting, cutting and stirring. Variations 
in the mentioned steps have up till now been studied under 
closely controlled conditions, as partly reported in the pre-
vious chapters. This may increase the understanding of what 
happens during syneresis and can be helpful in explaining 
observed effects of varying conditions. Still, useful quantita-
tive predictions about the syneresis rate under practical 
conditions can hardly be given. The complexity of the changes 
during syneresis under practical conditions hampers adequate 
modelling. One lacks, for instance, information about the 
mechanical and hydrodynamic effects during cutting and stirring, 
especially for particles which change in size, shape and mechan-
ical properties. In this chapter the latter will be considered 
in more detail. In addition, some attention is given to one-
dimensional syneresis with intermittent pressure and decreasing 
pH as calculated by the numerical model of van Dijk (1982). 
Also, some remarks are made with respect to syneresis of gels 
from preconcentrated milk. A further step to evaluation of 
syneresis under practical conditions is made by introducing a 
preliminary three-dimensional model. 
6.2 Mechanical pressure and hydrodynamic effects during cutting 
and stirring 
Cutting and stirring during cheesemaking implies exertion of 
mechanical pressure on curd or curd particles. This strongly 
promotes the release of the whey as was discussed in the pre-
vious chapter. It also results in an increase of the surface to 
volume ratio of the curd particles and the hindering of their 
sedimentation. The latter assures an even shrinkage of the 
particles as much as possible. So, with cutting and stirring the 
contact area of the curd particles is strongly influenced. At 
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"the same time, generation of curd fines must be avoided in order 
to minimize losses with the whey at the time of separation. 
Cutting and stirring must therefore be exhibited under carefully 
controlled conditions. 
An estimation of the exerted pressures asks for a detailed 
analysis of the involved effects. The conditions and the contri-
bution of the various effects are constantly changing during 
cutting and stirring. This makes a complete description not 
feasible. Therefore, it will be tried to give a description for 
two situations: (1) the early stages of cutting and (2) stirring 
at the moment when considerable shrinkage has already occurred. 
6.2.1 Cutting 
When moving the knives after renneting, the curd is locally 
deformed at first, the strongest right in front of the knives. 
Very soon, say within parts of a second, the curd will start to 
fracture. This means that the breaking strength is exceeded. 
Very little useful experimental information is available on the 
breaking strength of rennet milk gels and the influence of the 
time scale and the height of the applied stress on the defor-
mation at fracture. Creep measurements with rennet skimmilk 
gels (pH = 6.68, 30 °C, stress applied at 1 hour after rennet 
addition) showed that a constant shear stress of more than 150 
Pa was needed to cause irreversible breaking within 1 s (van 
Dijk, 1982). Over longer time scales lower stresses were suf-
ficient to cause fracture. It is to be expected that a higher 
stress is needed for a gel with a higher modulus, as for example 
with a higher temperature, a lower pH or at a later time after 
rennet addition. 
A slit may progress rather easily after it has been formed, 
because fracture results in the release of energy. Part of the 
strain energy is released in the material close to the slit. 
This compensates at least partly the energy needed for the 
increase in the fracture surface (Luyten, 1988). So, the force 
needed for further development of a slit will gradually decrease 
after a slit has been formed. 
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So, the exerted pressure on the curd inducing immediate frac-
ture will be rather high, in a cheese vat probably more than 200 
Pa right in front of the knives and gradually less at larger 
distances from the cutting edge. Higher pressures may be 
involved in cutting curd strips that have already been subject 
to syneresis, because of a more concentrated outer layer. 
During the initial stages of cutting shear forces may also 
play a part. A passing knife causes a stress on the gel along-
side its edges. A small liquid layer will be formed immediately. 
Assuming a liquid layer of 10"5 m and a cutting speed of 0.32 
m «s"1 (see Table 6.1) the velocity gradient amounts to 32000 
s"1 , which corresponds ( n = 10"3 Pa • s ) to a momentary local 
shear stress of about 32 Pa. 
In addition, deformation of the curd results in changes in 
the microstructure. It was shown by van Dijk (1982) that this 
may result in an increase of the local permeability coefficient. 
This is an indirect promoting effect on local whey expulsion, 
which probably more than compensates for the effect of a pos-
sible structural collapse in the outer layers under the exerted 
pressure (see Chapter 5). 
6.2.2. Stirring 
Mechanical stress can manifest itself in many ways during 
stirring of a liquid/particle mixture (Cherry & Papoutsakis, 
1986). One can distinguish between bulk liquid turbulence 
effects, boundary layer shear forces and collisions, either 
between particles or between particles and solid objects. The 
magnitude of the various effects will be roughly estimated by 
referring to a standard set of modelled conditions, which bear 
some relevance to a curd/whey mixture in a closed horizontal 
cylindrical curd-making tank (de Vries & van Ginkel, 1984). 
These data are listed in Table 6.1. 
Bulk liquid turbulence 
One of the purposes of stirring is to keep the particles 
floating. Turbulence provides the necessary vertical drag and 
lift forces. For the exertion of mechanical stresses on curd 
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Table 6.1. Standard set of conditions in a curd-making 
tank during stirring of a curd/whey mixture. 
tank: 
volume 10 m3 
radius 1.4 m 
knives distance 40 mm 
stirring rate 2.2 - 10 rpm 
0.32 - 1.46 m-s"1 
max. power consumption 3 kW 
curd particles: 
shape equally sized, 
fairly smooth spheres 
radius 2.5 mm 
volume fraction 0.5 
density 1035 kg»m~3 
whey: 
density 1025 kg-nr3 
viscosity 1 mPa>s 
particles, bulk liquid turbulence is considered. When consid-
ering the geometry of a curd-making tank, wall turbulence 
effects, which result from a viscous drag along the walls of the 
tank, are believed to be of minor importance for the height of 
the exerted pressures. Velocity fluctuations in the liquid phase 
will result in the occurrence of eddies. The kinetic energy is 
passed on from larger to ever smaller ones, where it is ultima-
tely dissipated as heat by friction forces near stationary or 
moving surfaces (Hinze, 1971). The size and rate of these 
energy-dissipating eddies is determined by the local dissipation 
per unit of mass and the viscosity of the liquid phase. 
Before further discussing bulk liquid turbulence and possible 
effects of differently sized eddies, the surface-to-surface 
spacing is calculated for the data in Table 6.1. By assuming a 
tetrahedral arrangement (see Figure 6.1) and following Cherry & 
Papoutsakis (1986) one arrives at: 
' p a r t i c l e , tot "• " 
= ( 6 . 1 ) 
Vcube 1 2 - ( D / / 2 ) 3 
where the quot ien t of V a r t i c l e t o t and Vcube represents the 
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Fig. 6.1. Curd particle spacing in suspension. 
volume fraction of the particles. A volume fraction of 0.5 
results in 0.14«d for the surface-to-surface spacing. So, the 
structure of turbulence is certainly influenced by the relative-
ly large volume fraction of the particles. As a result, the 
exerted forces due to bulk turbulence will probably be somewhat 
overestimated. Nevertheless, they may serve as an indication for 
the maximum forces involved. 
If the size of the smallest eddies is larger than the curd 
particles, the latter will follow the local flow pattern (see 
Figure 6.2a). Only small velocity gradients will occur, which 
results in rather small shear forces (at most a few Pa) onto the 
particles. The density difference will cause a slight deviation 




Fig. 6,2. Interaction between curd particles and eddies, a) eddies much larger than 
curd particles, b) multiple eddies of about the same size as a curd particle, c) eddy 
size about the same as interparticle spacing. 
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of a flow area, a larger velocity gradient and thus a higher 
shear stress will be experienced. 
Higher shear stresses will exist when interactions occur 
between curd particles and turbulent eddies of roughly the same 
size as the particles (Figure 6.2b). A single eddy cannot engulf 
the particle and can only act on part of the surface, possibly 
causing the particle to rotate and thus the exposure to larger 
velocity gradients. The velocity of these eddies can be esti-
mated from Kolmogorov's theory (see e.g. Sinnar & Church, 1960), 
thus assuming local isotropy. Taking for the energy input E 0.2 
kW-nr3 and for the viscosity of the curd/whey mixture a rather 
high value of 1•10"5 m2 •s"x, one can show that for eddies with 
the size of a curd particle inertial forces dominate. By apply-
ing dimension analysis (vs ~ f(e,d)) one obtains: 
ve = e
1/3
 • d1'3 (6.2) 
with e as the energy density in m2 • s"3 and d as the particle 
diameter in m. This results in 0.1 m-s"1 for the average velo-
city ve of those eddies. Such a velocity applied continuously to 
a point on the surface of a curd particle would cause it to 
rotate at about 6 revolutions per second. This appears to be 
rather high. It must be kept in mind that several eddies will 
interact simultaneously, resulting in a variable rotational 
movement. During stirring of a curd/whey mixture, the energy-
density varies with location and is highest around the knives. 
As a result, higher eddy velocities may locally occur. Taking 
the local energy density ten times as high as the average one, 
the calculated eddy velocity amounts to 0.21 m-s"1 . When such an 
eddy meets a knife at its highest stirring rate (see Table 6.1), 
this results in a maximum shear force of some 160 Pa, when 
assuming a boundary layer of 10"5 m. This value will fall 
immediately, because the velocity difference will influence the 
rotational movement. 
While a particle rotates, the locally exerted pressures will 
rapidly change. Still, the exerted forces appear insufficient to 
cause disruption of the intact particles. But where a crack 
already exists in a particle, further disruption due to turbu-
108 
lence-induced shear forces cannot be ruled out. Without going 
into any detail, eddies significantly smaller than the curd 
particles will also cause shear stresses, but these will be 
smaller compared to those induced by eddies of the same size as 
the particles (see Eq. (6.1)). An indirect effect can be expec-
ted through coupling between particle motion and large-scale 
eddy flows (Hinze, 1971). 
Boundary layer shear forces 
Relatively large areas of high shear forces are expected in 
the boundary layers around the solid objects. The high volume 
fraction of the particles and the construction of the knives 
will certainly result in turbulent flow around them. Therefore, 
the effect on the exerted pressure is considered to be of the 
same magnitude as the turbulence-induced shear effects, which 
were discussed above. 
Collisions 
Collisions between particles can be caused by changes in 
liquid flow direction and velocity differences over small 
distances. The small surface-to-surface spacing between curd 
particles will give rise to a high collision frequency during 
stirring. According to Cherry and Papoutsakis (1986) the col-
lision frequency per unit volume N is of the order 
N ^ — (6.3) 
d4 
where v
 r is the root mean square relative velocity between 
neighbouring particles and <p is the particle volume fraction. As 
indicated before, v
 r will vary with local energy density and 
eddy size. It will become significant when the eddy size is 
about equal or smaller than the particle diameter. Taking for 
v
 r the maximum eddy velocity of 0.1 m-s"1, one arrives for Nc 
at 4.107 nr3 -s"1 . 
The effect of a collision depends on the type of collision and 
the involved collision energy (~m-v12). A head-on collision 
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induces a compression force at the point of contact. The surface 
is flattened and the compression force on the whey gradually 
decreases due to a larger contact area and because of the 
resistance against deformation of the particles. Collisions more 
off-center can result in a shear force component. In addition, 
rotation can provide an extra shear component to the collision 
force. All this complicates the analysis of the effect and the 
exerted pressures for colliding particles. 
It can readily be assumed that the moving knives are of 
predominant importance for collisions with solid objects in a 
curd-making tank. Collisions occur when a particle is within the 
so-called collision window (see Figure 6.3). Particles following 
a streamline that passes within one particle radius of the 
surface will collide with it. This is called interception. It 
must be noted that the density difference between the curd 
particles and the whey results in a small deviation of the 
particle movement from the fluid streamlines. Furthermore, the 
passage of the particles between the knives may promote par-
ticle-particle collisions as the streamlines are bend during 
passage of a knife and show a more condensed pattern between 
them. Considerable compression forces may be exerted when two 
particles simultaneously have to pass through the gap between 
the knives even in case of an apparent off-center character of 
their collision. 
It may safely be assumed that the largest pressure is exerted 
on a particle when a head-on collision with one of the knives 




Fig. 6.3. Collision between curd particles and a knife in a curd-making tank. Partic-
les inside the collision window are will hit the knife. 
no 
Fig. 6.4. Notation used to describe the collision of two curd particles. 
other particles, the maximum pressure will become as high as 
the breaking strength. This may amount to several hundreds of 
Pa, because of a more concentrated outer layer as compared to 
the situation during cutting. 
It will be tried to estimate the exerted effective pressure 
with a head-on collision of two particles (see Figure 6.4). The 
energy needed for squeezing out the liquid between the particles 
will not be taken into consideration. When two particles col-
lide, their contact area changes as a result of compression. 
The contact area Z can be estimated by (see Figure 6.4): 
(r2 - h2 ) (6.4) 
Assuming elastic deformation one can write: 
(r-A) 
F = Z • e . K = Z ' • K = n • K • (r-h)2 (6.5) 
where F is the total exerted force (N), e is the relative 
deformation (r-h)/r and K is the elastic modulus (N-nr2). The 
work W needed to obtain the ultimate deformation h* is: 
(r-h*) 
Wn = J Ti • (r-h)2 • d(r-h) 
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1 
= - • it • K • r 3 • ( r - h* )3 
3 
1 
= - • it • K • r 3 • e 3 ( 6 . 6 ) 
3 
The a v a i l a b l e k i n e t i c e n e r g y Wa p e r p a r t i c l e amounts t o : 
1 4 
W = - 'AP • - • rt • r 3 • (Av) 2 ( 6 . 7 ) 
4 3 
As Wn = Wa the following relationship for e is obtained: 
AP • (Av)2 
e3 = (6.8) 
K 
At any time during compression the effectively exerted initial 
pressure is given by: 
F Z h 
F" = - . = K - (1 ) 2 (6.9) 
Z rt • r2 r 
For the maximum initial syneresis pressure, the pressure at the 
first moment of contact (h=0), one can write: 
PS.n.ax = AP 2 / 3 • Av^ 3 • K1'3 (6.10) 
Deformation due to collision occurs over a short time scale. The 
outer layer is concentrated already to some extent. Moreover, 
during deformation the resistance against deformation will 
increase. Based on results of creep measurements by van Dijk 
(1982 ), and taking into account that compression rather than 
shear occurs, the effective K is assumed to be 104 Pa. The 
maximum initial pressure on the liquid phase in a particle then 
amounts to 4.6 Pa for Av = 0.1 m-s"1, while for Av = 1.0 m-s"1 
a value of 100 Pa is obtained. The deformation and the exerted 
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maximum initial pressure thus are strongly influenced by the 
prevailing velocity difference. 
6.3 Intermittent pressure 
As was mentioned before, large pressure variations occur 
during cutting and stirring. This may result in a momentary 
increase of the local syneresis rate or in rupture of the 
particles if the exerted pressures exceed the breaking strength. 
After a short while of cutting and stirring the curd particles 
vary widely in size and form. Taking a single curd particle, the 
corner areas will have been subject to the greatest variation in 
external forces. This results in a rounding of the particles 
with local variations in the unevenness of the outer layers. 
Despite its limitations, the integrated form of Eq. (3.5) can 
be used for calculation of the shrinkage with varying pressure 
combinations: 
Be r 
AH = Q • / ( — • J P(t) • dt) (6.11) 
1 t = 0 
Eq. (6.11) implies that for a given shrinkage and pressure 
combination the corresponding constant pressure, which is needed 
to obtain the same shrinkage rate, can easily be determined by 
calculating the time averaged E(P«t). An example is shown in 
Figure 6.5 for a combination of 1 and 9 Pa, which were alter-
nated every 40 seconds. The change of the pressure was assumed 
to occur instantaneously. For the change of the pressure during 
shrinkage trial function 3 from Figure 3.4 was taken, while for 
the change in the permeability coefficient with the degree of 
concentration the equation for pH = 6.68 and 30 °C from Table 
3.1 was used. Taking the shrinkage after every 40 seconds, the 
shrinkage rate was equal to the shrinkage rate in case a con-
stant pressure of 5 Pa was applied, whether the pressure was 
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Fig. 6.5. Calculated shrinkage of a rennet curd slab with time after starting syne-
resis. Influence of intermittent pressure ( 1 Pa - 9 Pa, alternating every 40 s) as 
calculated with the numerical model of van Dijk (1982). P = P(PQ.i) (trial function 3 
from Figure 3.4.), B = B(i,t) (first equation from Table 3.1). P^ = 0. Shrinkage with 
constant pressure of 5 Pa is given for comparison ( ). 
6.4 Model calculations with changing pH 
A lower pH results in a more permeable casein matrix and a 
higher endogenous syneresis pressure between pH = 6.7 and 
pH = 6.0 ( see Chapter 5 ). During cheesemaking the pH gradually 
decreases from the time of acid or starter addition, a situation 
which is different from that in the performed experiments. A 
decreasing pH may result in a continuous change in rheological 
properties, rearrangement of strands and changes in the primary 
casein particles, and thus in constantly changing syneresis 
properties of the gel. In this section some calculational 
results are given of a first attempt to quantify the effect of 
an ongoing decrease in pH on the one-dimensional syneresis rate. 
Only simple linear relationships were used, which were based on 
available experimental results. More detailed information about 
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the relationships in a dynamic situation is lacking. The numeri-
cal model of van Dijk (1982) was used for some calculations with 
and without mechanical pressure. 
6.4.1 Results of calculations without mechanical pressure 
The assumed relationships for the change in pH, the endoge-
nous syneresis pressure and the permeability coefficient of the 
gel are listed in Table 6.2 and are also partly shown in Figure 
6.6. The maximum Pjj and the time after rennet addition, when 
this maximum would be obtained (tamax) for the momentary pH, are 
recalculated with Eqs. (2) and (3) in every time step. The 
momentary value for Ps(i) is then obtained from Eqs. (4) - (6). 
The fictitious permeability coefficient at the time of rennet 
addition, (time when the pH started decreasing) was estimated by 
extrapolation. The change in the permeability coefficient with 
time and degree of concentration is accounted for in Eqs. (8) 
and (9). Gravitational-induced pressure was neglected. The 
shrinkage and the concentration profiles for a decreasing pH 
were compared with those obtained for constant pH: pH = 6.68 and 
pH = 6.34, the latter being the pH when AH = 500 urn in an 
acidifying gel. 
Table 6.2. The relations for the change in pH, endogenous 
syneresis pressure and permeability, as used 
for the calculation of the one-dimensional 
syneresis rate of a rennet-induced skimmilk gel 
with varying pH by using the numerical model of 
van Dijk (1982). 
(1 ) pH = 6 .68 - 8-10"5 • t a 
(2 ) Fornax = 2 9 . 6 - 4 . 3 0 • pH 
(3 ) t a max = 7634 - 2887 • P^max 
(4 ) Pj; = ta/tsmax ' P^max ( t a < tamax) 
(5 ) PI = 2a.64 - 3 .46 -10" 4 • t a ( t > t max) 
(6 ) P(i) = P^ - ( i - 0 . 3 ) / ( 0 . 7 - 1 ) 
(7 ) B e ( t a = 0 ) = 1 . 7 8 - 1 0 - 1 3 
(8 ) d B e / d t = 3 3 . 5 - 1 0 " 1 7 - 4 . 7 5 - 1 0 " 1 7 • pH 
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Fig. 6.6. The change in the initial endogenous syneresis pressure with decreasing pH 
as used in model calculations with decreasing pH. t = time after rennet addition. 






Fig. 6.7. Calculated shrinkage (Fig. 6.7a) and shrinkage profile after 10 * shrinkage 
(Fig. 6.7b) of rennet skimmilk gels at constant pH (pH = 6.66 and pH = 6.34) and for 
decreasing pH (pH - 6.68 -> pH - 6.35) in the absence of mechanical pressure. Rela-
tionships for the change in endogenous syneresis pressure and permeability are listed 
in Table 6.2. H_ = 5 mm. P? = 0 Pa. 
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The calculated shrinkage rates and concentration profiles at 
10 % shrinkage are shown in Figure 6.7. The pH-history is seen 
to have a marked effect on the rate of shrinkage. This was 
lowest for constant pH = 6.68 and highest for constant pH = 
6.34. At the time of starting syneresis, the pH in the acidi-
fying gel was 6.54, which causes the initial rate to be higher 
than at pH = 6.68. The slight undulation in the curve for the 
acidifying gel is caused by the still increasing P^ niax in the 
first stage of the shrinkage process and the decrease there-
after. 
The shrinkage profile at a relative remaining volume of 0.9 is 
given in Figure 6.7b. An effect of pH-history on the shrinkage 
profile could not be established. 
6.4.2 Results of calculations with mechanical pressure 
Results of calculations in which the endogenous syneresis 
pressure was replaced by a mechanical pressure of 27 Pa are 
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Fig. 6.8. Calculated shrinkage (Fig. 6.8a) and shrinkage profile after 20 % shrinkage 
(Fig. 6.8b) of rennet skimmilk gels at constant pH (pH = 6.68 and pH = 6.48) and for 
decreasing pH (pH = 6.68 ->- pH = 6.48). with a mechanical pressure of 27 Pa. Relation-
ships for the change in endogenous syneresis pressure and permeability are listed in 
Table 6.2. The contribution of mechanical pressure with varying degree of concen-
tration was calculated with trial function 3 from Figure 3.4. HQ = 5 mm, P^ = 0 Pa, 
B „ i3 ( ), B ~ i2 ( ) 
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pressure in Table 6.2 only Eq. (6) was used. The course of the 
shrinkage with time for an acidifying gel coincides with the one 
for constant pH = 6.48 (pH when AH = 1000 um in an acidifying 
gel). Moreover, the difference with the curve for constant pH = 
6.68 appears to be rather small. The strong promoting effect of 
the mechanical pressure masks the effect of a decreasing pH on 
the rate of shrinkage. Based on experimental results, Stoll 
(1966) arrived at the same conclusion. 
The concentration profile with a relative remaining volume of 
0.8 was hardly affected by pH-history. When a different relation 
for the permeability coefficient as a function of the degree of 
concentration was used (B = Be«!2), a higher syneresis rate and 
a slightly different concentration profile were found. Probably, 
much more complicated relationships should be used for picturing 
the changes during syneresis. Especially the development of the 
concentration profile with varying conditions needs more atten-
tion, as the permeability of the outer layers to a considerable 
extent determines the course of further shrinkage with time. 
6.5 Milk preconcentration and syneresis 
For several types of cheese, manufacture from preconcentrated 
milk, as achieved by ultrafiltration, has been found possible 
without causing quality defects in the resulting cheese. Ren-
neting of preconcentrated milk leads to a faster increase of 
the dynamic moduli after the onset of aggregation, the more so 
for a larger degree of preconcentration. The higher casein 
concentration is held responsible for this (Culioli & Sherman, 
1978; Zoon et al., 1988). Preconcentration results in a denser 
casein network with a higher amount of stress-carrying strands 
per cross-sectional area (van Dijk, 1982; Gamot, 1986; see also 
Chapter 3). The consequences for the endogenous syneresis 
pressure were already discussed in Section 3.2 and for the 
permeability in Section 3.3. When considering the influence on 
syneresis rate, differences in solids concentration should be 
taken into account. According to Green (1987), it appeared 
probable that the initial rate of syneresis is relatively lower 
with a larger degree of preconcentration, even when correcting 
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for the actual amount of aqueous phase in the curd. By fitting 
experimental results to an exponential equation representing 
first-order kinetics. Peri et al. (1985) did not detect an 
effect of the degree of preconcentration on the relative shrink-
age rate. 
During this study one-dimensional syneresis measurements have 
been performed with preconcentrated milk (pH = 6.68 and pH = 
6.33), which have been partly discussed in Chapters 3 and 5. 
Experimental results for the total shrinkage at 30 minutes after 
starting syneresis are shown in Figure 6.9. For the determina-
tion of the relative shrinkage, the volume of the aqueous phase 
at i = 1.0 was estimated by taking 2.7 ml/g for the voluminosity 
of the paracasein fraction and neglecting the contribution of 
other constituents (Green, 1987). The relative shrinkage for 
other i was obtained by dividing the absolute shrinkage by 
(i-0.07/1). As can be seen in Fig. 6.9, the absolute shrinkage 
was less for further preconcentration (lower i) for both pH 
values and whether mechanical pressure was applied or not. This 
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Fig. 6.9. Shrinkage {%) of rennet skimmilk gels after 30 min of syneresis as a func-
tion of the degree of concentration. Shown are results for the absolute ( ) and 
relative ( ) shrinkage. Mechanical pressure none and 27 Pa (note the difference in 
scale). 500 ppm rennet, 30 *C, syneresis started at 30 min after rennet addition, 
mechanical pressure applied 60 s thereafter. pH = 6.68 (•), pH = 6.33 (*). 
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can be explained by the dominating effect of a lower permeabil-
ity in case of a higher casein concentration. The relative 
shrinkage after 30 minutes of syneresis was found higher for 
lower i, the effect being somewhat more pronounced in the 
absence of mechanical pressure. The effect on the relative 
shrinkage can be ascribed to a higher endogenous syneresis 
pressure at a higher casein concentration (see Section 3.2.1.3). 
This was masked in case mechanical pressure was applied. 
In our experiments, syneresis was started at a fixed time, 
i.e. at 30 minutes after rennet addition. If the firmness of the 
gel is determent for the time of starting syneresis, the perme-
ability (and probably also the endogenous syneresis pressure) of 
the gels from preconcentrated milk will be slightly lower as 
compared to the present situation. The differences in the 
relative shrinkage rate after the onset of syneresis will then 
become smaller. This can not explain the discrepancy with the 
results of Peri et al. (1985) and Green (1987), because in 
their experiments syneresis was also started at a fixed time 
after rennet addition. However, the use of whole milk may have 
resulted in a relatively stronger drop of the permeability 
coefficient with degree of concentration as compared to the 
present study. Also effects of differing methods of determining 
syneresis can not be ruled out. 
The results given above pertain to gels where the initial i 
is the same everywhere in the matrix. As a result of syneresis, 
a gel with an equal value for the average i may be obtained. 
However, the gel which has been subject to syneresis then will 
exhibit a lower shrinkage rate, because of the existing shrink-
age profile. This implies a lower permeability of the outer 
layers. In addition, the endogenous syneresis pressure will have 
partly relaxed by then in such a gel. 
In conclusion, it is to be expected that during practical 
cheesemaking processing conditions must be adapted in order to 
avoid excessive moisture loss during cutting and stirring of 
curd from preconcentrated milk. 
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6.6 Preliminary calculations for three-dimensional syneresis 
Up till now only one-dimensional syneresis has been con-
sidered. Calculations for the three-dimensional case are more 
complicated as they should, for example, account for anisotropy 
of the shrinking matrix. Collection of experimental results 
under controlled conditions that can be used for comparison is 
hardly feasible in our opinion. Nevertheless, the one-dimen-
sional numerical model of van Dijk (1982) has been adapted to 
make some rough calculations for a sphere. 
For the model a sphere is considered to be divided into 
spherical layers, whereby the original thickness of the layers 
Fig. 6.10. Notation used for the numerical description of the shrinkage of a sphere. 
varies with position, every subsequent layer from the outside to 
the inside being 1.2 times as thick as the former one. When 
numbering the layers and using the notations as pictured in 
Figure 6.10 we can write for the local degree of concentration: 
Vt = <6-12) 
(r3 - r3 ) 




*.t = (Pk.t - pK.i.t) • (2 / n ) 
r - r r - r 
k . t k - l . t k • 1 , t k . t ( + r 1 (6.13) 
B k . t B k • i . t 
The liquid flux Vstrk t from k to k+1 in m3 »s-1 equals: 
strk t . 4 . n • rk,2 (6.14) 
whereby rk, represents the radius halfway the distance between 
rk and rk t:. The volume change of spherical layer k is repre-
sented by: 
A^k.t = (Vstrk-i.t " V s t rk.t) * A t (6.15) 
For every time step the sphere was "rebuilt" by calculating the 
radius of the innermost layer from the remaining volume, joining 
the volumes of the subsequent layers and calculation of the 
radii rt t tor t. The reliability of the approach was checked 
by varying the number of layers, the time interval and the 
spacing of the layers within limits. As with the one-dimensional 
numerical model (van Dijk et al., 1984), only small deviations 
were found. 
Calculations with this model have been performed in which the 
radius and the initial pressure were varied. For the change of 
the pressure with degree of concentration trial function 3 in 
Figure 3.4 was used. The first equation in Table 3.1 was intro-
duced to describe the change of the permeability coefficient 
with time and the degree of concentration. No attempt has been 
made to account for anisotropy, as relevant information about 
the extent of this effect was not available. However, it appears 
that the shrinkage rate of a syneresing sphere can be approxi-
mated by this approach, if we restrict ourselves to the early 
stages of syneresis. 
The calculated values for the relative shrinkage between 0 
and 300 seconds were fitted to power curves. The coefficients 
were compared to those obtained for the one-dimensional case. 
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Table 6.3. Calculated least square estimates of a/V0 and r 
in AV/ V0 = (a/V0 ) - tr for the rate of shrink-
age of rennet skimmilk gels till 5 minutes 
after starting syneresis. Comparison of calcu-
lations for a slab and a sphere with varying 
initial height or radius and pressure. See text 
























































27 5.0 27.6 0.42 8.1 0.50 
62 5.0 41.6 0.39 12.3 0.50 
V0 : initial volume of the sphere or height of the slab 
The results are listed in Table 6.3. In all cases a/V0 for a 
sphere is higher than for a slab, due to a higher surface/volume 
ratio. This higher ratio also causes the relative shrinkage rate 
to be higher with a smaller height or radius. However, after 
some time the shrinkage of a sphere will be hindered more and 
more due to extra condensation of the matrix phase as a result 
of "inward shrinking". Also less whey is available in deeper 
layers as compared to the one-dimensional case. A higher initial 
pressure or a lower initial radius will result in an earlier 
expression of this effect. As a result, for a sphere the expo-
nent r (see Table 6.3) is dependent on the initial pressure and 
the initial radius/height. This can also be seen from Figure 
6.11, in which the calculated relative shrinkage after 30 
minutes of syneresis for some combinations of the initial 
pressure and the initial radius is shown for both cases. For the 
relative shrinkage of a sphere a relatively smaller increase 
with a lower radius and/or a higher pressure is obtained. 
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% shrinkage after 30 minutes syneresis 
0 2 4 6 
R0,H0(mm] 
Fig. 6.11. Calculated shrinkage (%) after 30 minutes syneresis for a slab and a sphere 
for various pressure. Influence of height/radius. Slab (•). sphere (o). 
It was tried before to quantitatively describe the syneresis 
rate under conditions resembling the situation during practical 
cheesemaking (Kirchmeier, 1972; Marshall, 1982; Weber, 1984). 
This resulted in widely differing relationships, which were 
discussed by Walstra et al. (1985). For the proportionality of 
the initial relative shrinkage rate of a individual cubic curd 
particle (5x5 mm) with tr one can deduce from Table 6.3 that for 
a constant pressure of about 10 Pa r is at most 0.4. An even 
lower value is expected to be found with smaller radii or higher 
pressures. 
During practical cheesemaking one will certainly experience a 
higher value of r during the initial stages of syneresis. This 
must partly be attributed to the increase in the surface/volume 
ratio of the particles as a result of cutting. Also the partic-
les will be damaged due to mechanical treatment, which may 
result in the occurrence of cracks and local increases in the 
permeability of the casein matrix (van Dijk, 1982). Thus, the 
value of r will be strongly dependent on processing conditions. 
Adequate modelling of the processes involved and calculation of 
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the expected r during cheesemaking seem at present not practi-
cable. 
6.7 Conclusions 
- During cheesemaking the syneresis rate is influenced by a 
number of variables (mechanical pressure, hydrodynamic 
effects, souring, changing temperature), of which the 
separate effects are difficult to quantify. 
- Cutting of the curd may result in pressures of over 100 Pa 
at the point where the curd fractures. Shear effects may 
also play a part. Moreover, the permeability coefficient of 
the gel can be affected by the forces applied during cut-
ting. 
- An analysis of the hydrodynamic effects during stirring 
reveals bulk liquid turbulence effects, boundary layer shear 
forces and collisions as the pressure-inducing phenomena. 
For the effects of bulk liquid turbulence, the size of the 
eddies is considered to be of predominant importance. 
Collisions can give rise to pressures of some hundreds of 
Pa, depending on local conditions in the curd/whey mixture. 
- The one-dimensional shrinkage rate in case of intermittent 
pressure can easily be estimated. 
- Results of model calculations for the one-dimensional case 
show that mechanical pressure partly masks any effect of 
changing pH during syneresis. 
- Preconcentration of skimmilk caused the absolute shrinkage 
to be lower and the relative shrinkage rate to be higher for 
gels of a more concentrated milk. 
Results of calculations with the one-dimensional model and a 
preliminary three-dimensional model stressed the role of the 
surface/volume ratio for the syneresis rate of a curd 
particle. For the three dimensional case this and the extra 
condensation due to inward shrinking resulted in a propor-
tionality of the shrinkage to tr, where r < 0.5. 
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Lagrangian variable 
slope (see Table 3.3) 
ion size parameter 
constant in Eq. (2.3) 
breaking strength (constant in Eq. 5.15) 
constant in Eq. (2.3) 
permeability coefficient 
permeability coefficient at the moment 
the gel is pressurized 
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time scale t* 
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reduced radius in Eq. (6.4) 
distance to the surface of a slab 
length of a gel in a gel tube 
initial height of a gel slab 
shrinkage of a gel slab 




evaluative parameter in Eq. (5.22) 
collision frequency 
pressure gradient (= dP/dx) 
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initial gravitational pressure 
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pressure on the liquid 
maximum initial syneresis pressure on 
colliding curd particles 
maximum initial endogenous syneresis 
pressure (see Table 6.2) 
evaluative parameter in Eq. (3.5) 
radius 
summated radii for spherical layer 1 to k 
Reynolds number 
liquid volume flux in Eq. (3.3) 
time, mostly after starting syneresis 
time for which P? „ „ is obtained 




superficial liquid velocity 
critical liquid flux 
average eddy velocity 
mean liquid velocity with respect to 
solid particles 
mean velocity of the solid particles 
with respect to the cylinder 
root mean square relative velocity 
initial volume 
volume of a cube 
tot total volume of particles 
liquid volume flux 
kinetic energy 
work 
distance to the bottom of a gel slab 
valency 
contact surface 
free ion activity coefficient 
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e0 initial porosity 
H dynamic viscosity (Pa«s) 
nE elongational viscosity (Pa-s) 
X, ; Z, * ; ç * strain in the solid matrix 
p mass density (kg«nr3 ) 
a stress (Pa) 
<P volume fraction of the particles 
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SUMMARY 
This study deals with the influence of cheesemaking para-
meters, i.e. variations in milk properties and process condi-
tions as may commonly occur, on the syneresis of rennet-induced 
milk gels. The shrinkage of the protein matrix is considered in 
relation to the pressure (whether endogenous or external) on the 
liquid phase and the resistance against flow through the pores, 
as expressed in the permeability coefficient. 
After a brief introduction in Chapter 1, the experimental 
approach is described in Chapter 2. Generally, reconstituted 
skimmilk was used for the determination of the shrinkage rate 
and the permeability coefficient of rennet-induced skimmilk gels 
under closely controlled conditions. 
In Chapter 3 the concept of one-dimensional syneresis is 
considered in more detail. This approach offers possibilities 
for comparison of experimental results and calculations with a 
numerical model, which is based on the equation of Darcy. The 
origin of the matrix-induced pressure on the whey (the endoge-
nous syneresis pressure) is treated in terms of the reactivity 
of the building blocks, their probability to contact one anoth-
er, the breaking of formed strands, and the occurrence of 
internal rearrangements in the strands. The change with time 
after rennet addition can be explained by relaxation phenomena. 
Experimental results for various pH and degree of preconcen-
tration underline the importance of the mentioned processes. It 
can be concluded that the endogenous syneresis pressure must be 
related to the Theological properties in a very subtle way. 
Quantitatively, the endogenous syneresis pressure appeared to be 
a poorly definable parameter with a very temporary and history-
dependent character. However, evaluation of some trial functions 
for the change in the endogenous syneresis pressure during 
macroscopic shrinkage revealed a rather limited effect on the 
shrinkage rate. According to model calculations the latter is 
largely determined by the change of the permeability in the 
outer layers. Furthermore, it is shown that permeability data as 
obtained with gels from preconcentrated milk result in an 
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underestimation of the permeability coefficient as a function of 
the degree of shrinkage during syneresis. 
Experimentally, deviations from the expected proportionality 
of the shrinkage to the square root of time after starting 
syneresis were found. This could not be easily accounted for in 
model calculations, but may be explained by the rate-determining 
visoo-elastic behaviour of the casein network in the outer 
layers. The deviation from the square root proportionality does 
not necessarily lead to strongly different values for the 
initial endogenous syneresis pressure, as calculated from 
experimental results by assuming a square root proportionality. 
In Chapter 4 the effect of variation in experimental condi-
tions during renneting and coagulation on syneresis is discussed 
in relation to the structure and the properties of the casein 
network. After having selected a proper preparation procedure 
for reconstituting skimmilk, attention is given to the effects 
of cold storage, rennet concentration, pH and acidification 
procedure, CaCl2 addition, NaCl addition and temperature. Cold 
storage caused only minor effects. Most striking is the higher 
permeability coefficient for a higher temperature and a lower 
pH, which can partly be accounted for by the smaller size of the 
building blocks. Furthermore, higher values of the endogenous 
syneresis pressure are derived for such conditions, especially 
for a lower pH. The course of the endogenous syneresis pressure 
with time is clearly related to the stage of gelation. The 
maximum value must be largely dependent on the reactivity of the 
particles and the rate of strengthening of the strands. The 
aggregating tendency of paracasein micelles is markedly higher 
shortly after a change in pH or addition of CaCl2, as compared 
to changes induced at longer times before rennet addition. 
The effect of fat content on the shrinkage rate can not 
simply be explained with a higher volume fraction of the dry 
matter. Apparently, also the permeability of the matrix is 
affected. 
The important effect of mechanical pressure is treated in 
Chapter 5. The use of glass filter plates allows accurate and 
reproducible determination of the shrinkage rate at various 
pressure for the one-dimensional case. The shrinkage was found 
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to be proportional to the square root of time after load appli-
cation. The strong promoting effect of mechanical pressure on 
syneresis rate can be clearly established in this way. 
The precisely known value of the now dominating mechanical 
pressure considerably facilitates the analysis of the shrinkage 
process. Differences between model calculations and the experi-
mental results were fairly small and can for the greater part be 
attributed to an inadequate description of the shrinkage in the 
outer layers with various conditions. Observed differences can 
be explained by stress relaxation phenomena, which may occur in 
the protein matrix under the influence of an applied pressure. 
Broadly speaking, high pressures may lead to a fairly imper-
meable outer curd layer, which strongly impedes further syne-
resis. 
The experimental results are evaluated in the light of an 
existing theory for the release of liquid from two-phase elas-
tic, disperse systems, due to compression. Although some reserve 
must be exerted with respect to the applicability of such a 
theory, the calculated permeability coefficients are in the same 
range as the experimentally obtained values. Moreover, the 
average breaking strength of individual strands can be calcu-
lated and is found to be 10"11 to 10"12 N, which is not at 
variance with an estimate based on rheological parameters. 
In Chapter 6 some aspects relevant to practical cheesemaking 
are treated. A rough analysis of the mechanical and hydrcdynamic 
effects during the initial stages of cutting and during stirring 
in a curd-tank is given. Bulk liquid turbulence effects, boun-
dary layer shear forces and collisions are considered to be of 
predominant importance. Involved pressures are estimated. 
It is shown that for the one-dimensional case the effect of 
intermittent pressure can easily be calculated. Furthermore, 
results of model calculations for decreasing pH are given. 
Mechanical pressure can mask the effect of a decreasing pH 
considerably. 
The relative shrinkage rate of gels from preconcentrated milk 
is higher with a larger degree of preoonoentration, although for 
the absolute shrinkage the opposite is found. It is concluded 
taht close attention should be paid to the effects of differ-
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ences in the shrinkage profile when comparing the shrinkage rate 
of a partly syneresed gel with the one for a corresponding gel 
from preconcentrated milk. 
Results of calculations with a preliminary three-dimensional 
model stress the importance of the surface/volume ratio for the 
syneresis rate of a curd particle. 
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SAMENVATTING 
Deze studie behandelt de synerese van melkgelen die door 
stremselinwerking zijn gevormd. De aandacht wordt daarbij in het 
bijzonder gericht op de invloed van een aantal procesvariabelen 
zoals we die kennen uit de kaasbereiding. Het krimpen van de 
eiwitmatrix wordt beschouwd in termen van de druk (zowel endo-
geen als extern) op de vloeistof in het gel en van de stromings-
weerstand in de poriën van het gel, uitgedrukt in een permeabi-
liteitscoefficient. 
Na een korte inleiding op het onderwerp in hoofdstuk 1 volgt 
in hoofdstuk 2 een beschrijving van het experimentele gedeelte 
van dit onderzoek. Voor de bepaling van de krimpsnelheid en de 
permeabiliteitscoefficient onder zorgvuldig beheerste omstandig-
heden werd in het algemeen gereconstitueerde magere melk ge-
bruikt . 
In hoofdstuk 3 wordt ééndimensionale synerese nader bespro-
ken. Deze benadering biedt mogelijkheden voor de vergelijking 
van experimentele resultaten met die van berekeningen aan de 
hand van een numeriek model dat is gebaseerd op de vergelijking 
van Darcy. 
Voor een beter begrip van het verschijnsel endogene druk 
worden de reactiviteit van de bouwstenen, de kans op vorming van 
bindingen tussen deze bouwstenen, het breken van gevormde 
strengen en het optreden van interne herrangschikking in de 
strengen nader belicht. Het verloop van de endogene syneresedruk 
met de tijd na stremsel toevoeging is mede afhankelijk van 
relaxatieprocessen. Het belang van de genoemde factoren wordt 
gesteund door experimentele resultaten bij verschillende pH en 
indikkingsgraad van de gebruikte melk. Een en ander wijst op een 
subtiele relatie met de reologische eigenschappen. De endogene 
syneresedruk blijkt in kwantitatieve zin een moeilijk te be-
schrijven parameter te zijn met een tijdelijk karakter, die 
bovendien nogal afhankelijk is van de voorgeschiedenis. Hoe de 
endogene syneresedruk precies verloopt met voortschrijdende 
synerese heeft volgens resultaten van modelberekeningen overi-
gens maar een beperkte invloed op de krimpsnelheid. De permeabi-
liteit in de buitenste lagen is van overheersend belang voor de 
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krimpsnelheid. Er kon worden vastgesteld dat bij gebruik van 
gegevens uit metingen aan gelen uit door ultrafiltratie voorge-
concentreerde melk de permeabiliteitscoefficient als functie van 
de indikking tijdens synerese wordt onderschat. 
Experimenteel werden afwijkingen van de verwachte evenredig-
heid tussen krimp en de wortel uit de tijd na aanvang synerese 
gevonden. Dit kan niet worden verklaard aan de hand van modelbe-
rekeningen. Kort na aanvang van het synereseproces is de visco-
elastische vervorming van de eiwitmatrix in de buitenste lagen 
mogelijk bepalend voor de krimpsnelheid. De afwijking van de 
evenredigheid tussen krimp en wortel tijd hoeft bij de bere-
kening van de initiële endogene syneresedruk niet noodzakelij-
kerwijs te leiden tot een grote afwijking van de waarde die 
wordt berekend onder aanname van zo'n evenredigheid. 
De invloed van variaties in de experimentele omstandigheden 
tijdens stremmen en coagulatie op de structuur en de synerese-
eigenschappen van het gel worden besproken in hoofdstuk 4. 
Aandacht is geschonken aan de invloed van het koud bewaren van 
de melk, de stremselconcentratie, pH en aanzuurprocedure, 
toevoeging van CaCl2, toevoeging van NaCl en de temperatuur. 
Koud bewaren van de melk had maar een zeer beperkte invloed op 
een en ander. Met name bij hogere temperatuur en lagere pH was 
de niet-gesynereerde matrix beter doorstroombaar. Dit kan 
gedeeltelijk worden toegeschreven aan de zwellingstoestand van 
de bouwstenen. Berekeningen lieten eveneens hogere waarden zien 
voor de initiële endogene syneresedruk, vooral bij lagere pH. 
Het verloop van de endogene syneresedruk is sterk gerelateerd 
aan het verloop van de gelering. De maximale waarde wordt 
voornamelijk bepaald door de reactiviteit van de paracaseine-
micellen en de snelheid waarmee de weerstand tegen vervorming 
van de strengen toeneemt. De neiging tot aggregeren van para-
caseinemicellen is groter naarmate een verandering in pH of 
toevoeging van CaCl2 korter van tevoren heeft plaatsgevonden. 
Vet verhoogt de volumefractie van de droge stof. Dit kan 
echter maar als een gedeeltelijke verklaring dienen voor de 
lagere syneresesnelheid bij aanwezigheid van vet. Ook de door-
stroombaarheid van de eiwitmatrix wordt beïnvloed. 
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De belangrijke invloed van mechanische druk komt aan de orde 
in hoofdstuk 5. Nauwkeurige en reproduceerbare metingen voor het 
ééndimensionale geval zijn mogelijk door gebruik te maken van 
glasfilters. De experimenteel bepaalde krimp blijkt in dit geval 
wel evenredig te zijn met wortel tijd na drukaanlegging. 
Doordat de waarde van deze overheersende drukcomponent precies 
bekend is, wordt de analyse van het krimpproces vergemakkelijkt. 
Geconstateerde verschillen met resultaten van modelberekeningen 
zijn vrij gering en zijn waarschijnlijk het gevolg van ontoerei-
kende informatie over het verloop van de indikking in de buiten-
ste lagen tijdens synereren onder uiteenlopende omstandigheden. 
De verschillen hangen mogelijk samen met het relaxatiegedrag van 
de eiwitmatrix in relatie tot de aangelegde druk. Globaal mag 
worden gesteld, dat hoge drukken kunnen zorgen voor de vorming 
van een weinig doorstroombare buitenste laag, waardoor verdere 
synerese sterk wordt gehinderd. 
Evaluatie van de resultaten aan de hand van een bestaande 
theorie voor het uitpersen van vloeistof uit elastische, dis-
perse systemen bleek zinvol. De op basis van syneresemetingen 
berekende permeabiliteitscoefficient komt redelijk overeen met 
een anderszins gevonden waarde. Bovendien worden voor de gemid-
delde kracht die nodig is voor breuk van een streng waarden 
tussen 10" l l en 10"12 N gevonden, wat ruwweg overeenkomt met 
informatie uit reologische metingen. 
Enkele meer direct relevante aspecten voor de kaasbereiding 
in de praktijk worden behandeld in hoofdstuk 6. Er wordt een 
overzicht gegeven van enkele mechanische en hydrodynamische 
effecten tijdens het snijden en het roeren in een wrongelbe-
reider. Turbulentie op vrij grote schaal, afschuifkrachten in 
grenslagen en botsingen zijn van aanwijsbaar belang voor de 
drukuitoefening op wrongeldeeltjes. De optredende drukken kunnen 
globaal worden geschat. 
De invloed van intermitterende druk kan met het beschikbare 
ééndimensionale model eenvoudig worden berekend. Modelbereke-
ningen in geval van een dalende pH laten de maskerende invloed 
van mechanische druk duidelijk zien. 
Voor gelen uit door ultrafiltratie voorgeconcentreerde melk 
was de relatieve krimp hoger bij een verdere indikkingsgraad. 
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Wanneer niet wordt gecorrigeerd voor de indikking, geldt echter 
het omgekeerde. Aandacht voor het concentratieprofiel is noodza-
kelijk bij beschouwing van dit soort resultaten. 
Voorlopige berekeningen met een driedimensionaal model 
onderstrepen het belang van de verhouding oppervlakte/volume 
voor de krimpsnelheid van een wrongeldeeltje. 
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